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Torsional conformation of the backbone of a π‐conjugated molecule or 
macromolecule shapes its solubility, optical and electronic characteristics, rheological 
behaviors, solid‐state properties, and ultimately materials performances. This 
dissertation focuses on the on-demand control over the conformation of π-conjugated 
molecules and macromolecules using dynamic intramolecular noncovalent bonds, such 
as hydrogen bonds and B←N coordinate bonds. Those dynamic bonds bridged building 
units in a π-conjugated system so that desired conformations can be induced and then 
perturbed in a controlled manner. Through such an active manipulation over molecular 
conformation, optical band gaps, electrochemical properties, solubilities, and 
processabilities of organic conjugated materials can be tuned on demand.  
This dissertation begins with a brief introduction of the development of organic 
conjugated molecules and macromolecules involving a variety of bridging noncovalent 
bonds (Chapter I). Challenges in this specific field are identified and discussed for future 
breakthroughs in exploiting the promising potential of these dynamic-noncovalent‐bond‐
bridged π‐conjugated organic materials.  
Chapter II describes an example of conformational control in a conjugated 
molecule using intramolecular hydrogen bonds to achieve tailored molecular, 
supramolecular, and solid-state properties. The fully coplanar conformation of such 
molecules led to short π–π stacking distances, strong yet controllable aggregation in 




Shown in Chapter III, this molecular design is expanded into a macromolecular π-
conjugated system. A molecular engineering strategy of chemically inhibiting and 
regenerating intramolecular hydrogen bonds was developed to resolve the synthetic 
challenges and processing issues by controlling the backbone conformation.  
Chapter IV and V discuss the incorporation of intramolecular B←N coordinate 
bonds into organic conjugated molecules. In Chapter IV, it is demonstrated that the 
dynamic nature of such coordination allowed for active manipulation of the optical 
properties by using competing Lewis basic solvents. Described in Chapter V, two rigid 
molecular constitutions were designed to accommodate redox-active units and B←N 
coordination into a compact structure. These molecules demonstrated multiple electron 
transfer processes and multicolor electrochromism. Comprehensive experimental and 
computational investigations revealed the underlying mechanism of the redox processes, 
and the critical role of B←N coordination in rendering such redox properties. 
This dissertation is to understand the fundamental correlation between molecular 
conformation and materials properties of π-conjugated systems by employing dynamic 
noncovalent bonds. This dissertation discusses synthetic methodologies to incorporate 
dynamic noncovalent bonds into organic conjugated molecules and macromolecules. 
The molecular design principles and structure-property relationships between molecular 
conformation and materials properties were established. The active manipulation of 
intramolecular noncovalent bonds led to tunable molecular and supramolecular 
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CHAPTER I  
INTRODUCTION* 
 
1.1   Molecular Conformation of π-Conjugated Molecules and Macromolecules 
Molecular conformation represents one of the most important structural features 
for organic molecules, polymers and biological macromolecules. It plays a pivotal role 
in governing many of the key properties of molecular species, including solubility, 
mechanical/rheological behaviors, biological activities, optical and electronic 
characteristics. In a π-conjugated molecule or macromolecule, the torsional 
conformation between aromatic units determines not only the overall molecular shape, 
but also its optical and electronic properties.1,2 A coplanar conjugated system is expected 
to possess better coherent conjugation along the backbone, giving rise to a lower band 
gap and faster intramolecular charge transport.3 Coplanarity also favors small 
reorganization energy through charge transport and close intermolecular packing in the 
solid state,4 which are anticipated to result in strong intermolecular electronic coupling 
and long exciton diffusion length.5 Recent molecular dynamic simulations demonstrated 
that a coplanar backbone could improve the local ordering in the solid state and was 
resilient to the side-chain disorder.6,7 It was also proposed, from a theoretical perspective, 
that amorphous polymers with a coplanar backbone can adopt efficient packing and lead 
to good charge transport in short length scales for photovoltaic devices.8 Meanwhile, the 
strong π-π interactions between coplanar backbones can facilitate the self-assembly 
process in solution9,10 and the formation of ordered nano-/micro-structures in the solid 
state.11,12 These advantages render coplanarity an important structural feature for the 
development of the active components for organic semiconductors,13-16 solar cells,17,18 
light emitting diodes,19-21 and NIR materials.22 Although examples with twisted 
                                                
* Reprinted with permission from “Locking the Coplanar Conformation of π‐Conjugated 
Molecules and Macromolecules Using Dynamic Noncovalent Bonds” Zhu, C.; Fang, L. 




backbones, such as N2200, were reported to exhibit good charge carrier mobility in 
electronic devices,23,24 systematic literature survey demonstrated that the coplanar 
conformation was generally favorable in enhancing the charge transport properties of 
conjugated polymers. In this context, it would be ideal to take full control of the 
torsional conformation, in order to achieve desired properties and performances of π-




Figure 1. Graphic representations of (a) a π-conjugated polymer connected with 
single strand of bonds, (b) a ladder-type π-conjugated polymer and (c) a conjugated 
polymer coplanarized by dynamic noncovalent bonds. 
Most of the known extended conjugated oligomers and polymers, however, are 




coplanar conformation is not always guaranteed (Figure 1a). The aromatic repeating 
units can adopt non-zero dihedral angles between the aromatic building blocks due to 
thermodynamic fluctuation and steric repulsion.25 In a biphenyl system, for example, the 
torsional angle of the thermodynamically favored conformation is about 44° because of 
2,2′-H,H steric repulsion.26 Such a twisted backbone in conventional conjugated 
polymers shortens the coherent conjugation length27, therefore limiting the transport of 
charge carriers and excitons with respect of electronic and optoelectronic application.28 
The torsional angle can often be reduced by π-π stacking interactions in the solid state. 
From a kinetic point of view, however, the low activation energy for dynamic torsional 
motion of a single bond (e.g., ~3 kcal/mol in biphenyl)29 makes it challenging to 
maintain a fixed conformation at room temperature and leads to less predictable 
materials performance. In order to pursue the desired individual/collective properties and 
material applications of π-conjugated molecules or macromolecules, it is essential to 
achieve full control of the torsional motion and draw a clear structure-property 
relationship in terms of torsional conformation. The prevailing strategy to achieve such a 
goal involves the construction of fused-ring constitutions, or so-called ladder-type 
molecules, by forming an additional strand of covalent bonds so that torsional motion is 
prohibited and a coplanar conformation is enforced (Figure 1b).30-34 This method is 
efficient in affording excellent optoelectronic properties of individual molecules35-37 and 
endorses strong intermolecular interactions,32 which can be further translated into the 
formation of nano-/microscale assemblies in the solid state.38,39 The covalently fused 




structural defects and low solubilities. Moreover, the formation of covalent linkages is 
usually irreversible so that an active conformational control is not possible in covalent 
ladder-type molecules. In this context, the employment of dynamic noncovalent bond to 
manipulate the coplanar conformation of conjugated molecules and polymers is 
desirable for both fundamental investigations and practical applications of this class of 
materials (Figure 1c). 
 
1.2   Intramolecular Dynamic Noncovalent Bonds in Conjugated Molecules and 
Macromolecules 
1.2.1   Overview 
Hydrogen bonds,40,41 Lewis acid-base coordinative interactions,42,43 metal 
coordination44 and heteroatom noncovalent interactions,18,45,4647 could serve as promising 
dynamic bridging interactions to induce the desired coplanarity in a π-conjugated 
molecule while enabling dynamic conformational control. Such a system is analogous to 
sophisticated biological macromolecules in nature such as proteins, in which 
intramolecular noncovalent bonds maintain the conformation and facilitate specific 
functions. A noncovalent conformational lock effect could be viewed as high energy 
barriers that prevents the low energy coplanar conformer from torsional rotation, 
contributed by the designed formation of noncovalent interactions.8 Unlike covalent 
bonds, the thermodynamically driven formation of noncovalent bonds is reversible,41,42,48 
enabling on-demand control of molecular conformation and therefore active 





Figure 2. Graphic representations of two synthetic strategies to construct a 
conjugated polymer coplanarized by dynamic noncovalent bonds. 
 
Two general synthetic strategies can be used to incorporate dynamic noncovalent 
bonds into π-conjugated systems, depending on whether the noncovalent bonding 
moieties are installed before or after the coupling step (Figure 2). The first strategy 
requires that the dynamic bond functionalities are pre-installed on building blocks and 
can tolerate the following polymerization. This strategy is advantageous in terms of 
ensuring the structural precision of the dynamically bonded conjugated backbone and 
minimizing the structural defects of the product. The second strategy involves a post-
polymerization functionalization to introduce noncovalent bonding moieties into an 
already constructed conjugated backbone. High reactivity is demanded in the post-




Therefore, this strategy is more preferred for the synthesis of small molecules and 
oligomers, but is challenging to be applied in polymer synthesis due to the potential 
defects.  
 
1.2.2   Hydrogen Bond Promoted Coplanarity 
Among various types of noncovalent forces, the hydrogen bond stands out as an 
ideal interaction because of its tunable strength and directionality,49 allowing for a 
precise control of conformation. In order to achieve the full control over an entire 
polymer chain, the hydrogen bond donating or accepting groups should be installed on 
both the head and the tail of each rigid building unit (Figure 2). Thus, the torsional 




Figure 3. Synthesis of a π-conjugated oligomer 1 with intramolecular hydrogen 
bonds. 
 
An early successful demonstration of this strategy was reported by Meijer et al. 
in the 1990s.41 A benzene‐based monomer was functionalized with two amide groups as 
hydrogen bond donors (Figure 3). The other monomer was derived from pyrazine, on 




AA+BB polymerization between these two monomers, the intramolecular hydrogen 
bonds were formed spontaneously in a geometrically favorable six‐member ring‐like 
architecture. The molecular weight of this polymer was ~ 5.1 kg/mol, limited by the poor 
solubility induced by the rigid structure. The downfield shifted resonance signal (11.7 
ppm) of the amide proton on 1H NMR spectra and the weakened NH stretching on 
infrared spectra clearly confirmed the formation of intramolecular hydrogen bonds. 
However, the experimental band gap (2.78 eV) of 1 was higher than the density 
functional theory (DFT) calculated band gap (2.55 eV) using periodic boundary 
conditions.50 Such a discrepancy is likely due to the low degree of polymerization. 
Subsequently, several other research groups adopted this hydrogen bond architecture to 
achieve the desired photophysical properties of conjugated oligomer/polymer 
systems.51,52  Thanks to the coplanar conformation and the possible excited‐state 
intramolecular proton transfer, these oligomers/polymers featuring hydrogen bonds 
exhibited all red‐shifted absorption spectra and low‐energy emission. 
 
 
Figure 4. The chemical structure of diketopyrolopyrole‐derived small 
molecule 2 and its single crystal structure showing intramolecular hydrogen bonds 





Besides the classical hydrogen bonds, some non‐traditional hydrogen bonds 
forming 6‐ or 7‐membered ring architectures were recently found to play an important 
role in controlling the coplanar conformation of π‐conjugated systems.53,54 Such a 
hydrogen bonding event occurs between an electron‐negative atom and a weak, non‐
traditional hydrogen bond donor, such as hydrogen attached to an aromatic unit. 
Computational investigation revealed that the binding energies in these non‐traditional 
hydrogen bonds, (e.g., C−H…O, C−H…N and C−H…F interactions) ranged from 2.20 
to 0.94 kcal/mol,53,54 which were significantly weaker than the typical O−H…O or 
N−H…O hydrogen bonds. However, the favorable pre‐organization and the short 
distance between the hydrogen bond donor and acceptor in a 6‐ or 7‐membered ring 
architecture are able to promote the formation of these weak intramolecular hydrogen 
bonds, which further impose a profound impact on the conformation and the properties 
of π‐conjugated systems. For example, the C−H…O hydrogen bonds widely exist in 
diketopyrolopyrole (DPP)‐derived small molecules40,55 and polymers.56-59 In 2012, Liu 
and coworkers demonstrated this non‐traditional hydrogen bond unambiguously in the 
single crystal structure of a DPP‐based quinoidal molecule 2 (Figure 4).40 This weak 
intramolecular interaction contributed to the coplanarity of 2 and conjugated polymers 
containing a similar building unit, leading to high performance of these materials as the 






Figure 5. (a) Synthesis and (b) GIWAXS diffraction maps of hydrogen bonded 
poly(p‐phenylene vinylene) derivatives, 3, 4, and 5. 
 
In 2014, the Pei group reported the adoption of weak intramolecular C−H…O 
and C−H…F hydrogen bonds to achieve the conformational control of poly(p‐phenylene 
vinylene) derivatives, 3, 4, and 5 (Figure 5a).61 In each repeating unit of 3, four pairs of 
hydrogen bonds were formed between protons on the phenyl rings and oxygen atoms on 
carbonyl groups, corroborated by the drastic downfield shift of their resonance signal 
on 1H NMR.54,61 These hydrogen bonds forced the benzodifurandione‐based oligo(p‐
phenylene vinylene) (BDOPV) units to adopt a coplanar and rigid conformation with 
dihedral angles less than 8°. To further achieve conformational control over the entire 
polymer backbone, fluorine was introduced on the oxindolone part, which can form 




optimization through DFT calculations revealed coplanar conformation of 4 and 5. Such 
a coplanar conformation was believed to induce strong aggregation and further promote 
a condensed packing mode in the solid state of 4 and 5 (Figure 5b). The coplanar 
conformation and shortened π–π stacking distances of 4 and 5 promoted the 
intramolecular and intermolecular charge transport, leading to high electron mobilities 
(1.70 cm2 V−1 s−1 for 4and 0.81 cm2 V−1 s−1 for 5) in FETs. 
 
 
Figure 6. Synthesis of 6 with a conformation fully controlled by intramolecular 
hydrogen bonds and the chemical structure of 7 with a partially controlled 
conformation. 
 
Besides the 6‐/7‐membered ring geometry, intramolecular hydrogen bonds can 
also be constructed parallel to the π‐conjugated backbone in a linear manner. In this 
design, ethynylene units can be employed as spacers between aromatic units in the 
backbone in order to allow for enough spatial distance between the adjacent π‐units, 
meanwhile preventing 2,2′‐H,H steric repulsion between phenylene units.11,48,62 Based 




hydrogen‐bonded poly(phenylene ethynylene) 6 using Sonogashira coupling (Figure 
6).63 The polymer conformation was believed to be fully locked by intramolecular 
hydrogen bonds between the aromatic units. The measurement of nonlinear optical 
susceptibilities demonstrated that 6 had a higher third‐order susceptibility than 7, as a 
result of its fully coplanar conformation. Due to the strong π–π stacking interaction 
between the coplanar backbones/segments, 6 and 7 both suffered from low solubility in 
common organic solvents, preventing accurate determination of their molecular weights 
in solution phase. 
 
 
Figure 7. The structures of coplanar oligo(phenylene ethynylene) 8 and the 






In 2008, the Zhao group investigated the “conformation locking” effect on the 
optical properties of oligo(phenylene ethynylene)s.48 A series of oligo(phenylene 
ethynylene)s 8 (Figure 7) with hydrogen‐bond‐promoted coplanar conformation were 
synthesized by step‐wise Sonogashira coupling reactions. This study demonstrated that 
besides narrowed optical band gaps, the coplanarity and enhanced rigidity induced by 
intramolecular hydrogen bonds in 8 also contributed to smaller Stokes shifts compared 
to their non‐hydrogen‐bonded analogues. Later on, oligo(ethylene glycol) groups were 
further introduced as side chains in the structure of 9 (Figure 7).64 The 1H NMR spectra 
of 9 revealed hydrogen bond formation between the amide proton and the ether oxygen 
on the side chain. Such hydrogen bond formation competed with the hydrogen bond 
formed with the carbonyl oxygen. As a result, the conformation of 9 was more flexible 
and twisted, as evidenced by its broader UV‐vis absorption band and decreased 
extinction coefficient. 
 
1.2.3   B←N Coordinate Bond Promoted Coplanarity 
Another class of promising dynamic interaction that can lock torsional 
conformation is N→B coordinative bonds. The synthetic challenge to this class of 
molecules is primarily the installation of a boron center onto a fused aromatic system. 
This objective can be achieved through 3 different methods: (i) lithium/boron exchange, 
(ii) directed electrophilic borylation, and (iii) hydroboration. Using the first method, 
namely the lithium/boron exchange reaction, Yamaguchi et al. functionalized thiophene‐




coplanarity of 10 was confirmed by single‐crystal X‐ray diffraction. The short distance 
of 1.67 Å between the nitrogen atom and the boron center indicated the strong 
interaction between the Lewis base (nitrogen) and the Lewis acid (boron). This coplanar 
molecule exhibited a smaller optical band gap compared to its non‐coplanar precursor. 
Thanks to the excellent stability of such a tetra‐coordinated boron center, 10 can be 
further functionalized to construct extended step‐ladder molecule.42 Since then, several 
examples of N→B coordination‐promoted, ladder‐type conjugated small molecules and 
oligomers have been reported, showing interesting photoisomerization65 and 
fluorescence emission properties.66,67 The second method involves a nitrogen‐directed 
electrophilic borylation reaction so that an intramolecular N→B coordinative bond can 
be incorporated onto 2‐phenylpyridine (11 in Figure 8).68 During this synthesis, the 
strong Lewis acidity of BBr3 promoted the formation of Lewis acid‐base adducts, 
followed by the substitution reaction on the spatially preferential aromatic carbon. The 
boron center in 11 can be further alkylated to 12 using organometallic reagents. Using 
the nitrogen‐directed substitution strategy, Turner and co‐workers recently developed a 
coplanar acceptor‐donor‐acceptor molecule 13 featuring N→B coordination (Figure 
8).69 Due to the donor‐acceptor alternating structure and the coplanarity induced by 
intramolecular N→B coordination, 13 possessed a narrowed frontier orbital band gap 
and showed a strong emission reaching the red region of the visible light spectra. As 
shown in the single‐crystal structure of 13, the bulky phenyl groups on boron prevented 




Subsequently, compound 13 was employed as the emitter material in organic light 
emitting diodes, giving photoluminescence from 600 nm to 700 nm.  
 
 
Figure 8. Synthetic examples of incorporating N→B coordinative bonds onto π‐
conjugated molecules. 
 
In 2017, Jäkle et al adopted a similar synthetic method and incorporated N→B 
coordinative interactions into a conjugated backbone that was built upon a anthracene 
unit.70 Compound 14 possessed a highly twisted backbone owing to the steric repulsion 



























































































incoporation of N→B coordinative interactions into 14 rendered an enhanced electron 
affinity and a quinonoid type cross-conjugation in the LUMO level. Interestingly, upon 
the exposure to O2, this compound underwent a structural transformation into 
endoperoxide compound, accompanied with a drastic color change.70 Such a high 
reactivity of 14 towards O2 was attributed to its strong absorption of visible light, its 
small singlet-triplet gap in the excited state, and the release of steric hindrance after the 
formation of peroxide. 
In addition, classical hydroboration has also been introduced as a mild and atom‐
economic method for the preparation of ladder‐type organoborane compounds (15 in 
Figure 8).71 The regioselectivity of such a hydroboration was controlled by the anti‐
Markovnikov effect of hydroboration.72 The favorable six‐membered ring geometry 
gave rise to a strong N→B coordinative interaction over 25 kcal/mol.71 Although the 
conformation of 15 was rigidified by the N→B coordination, the single‐crystal 
structures of 15 showed the dihedral angles between phenyl units and pyridine units to 
be around 20°,72 presumably a result of 2,2′‐H,H steric repulsion between the two 
adjacent phenyl units.  
The dynamic nature and reversible formation of N→B coordinative interactions 
can be utilized to tune the backbone conformation, and the hence physical and electronic 
properties of conjugated π‐systems. External stimuli, such as the presence of Lewis basic 
molecules and elevated temperatures, are expected to weaken the intramolecular N→B 
coordination by affecting the thermodynamic equilibrium. Wakamiya et al. developed 




molecule 16 (Figure 8).73 Compared to the strong N→B coordinative bonds 
in 13 and 14 that shared a similar six‐member ring architecture, the N→B coordination 
in 16 was much weaker because of the bulky mesitylene ligand. As a result, the energy 
difference between the open conformer and the “mono‐closed” conformer was as small 
as 1.02 kcal/mol according to DFT calculations.73 The coplanar and non‐coplanar 
conformers co‐existed in solution, and the temperature variation affected the equilibrium 
of forming N→B coordinative bonds and changed the population of each conformer. 
With intramolecular N→B coordination formed at low temperature, the “mono‐closed” 
conformer exhibited a coplanar conjugated backbone and a greatly lowered LUMO level, 
giving rise to the low‐energy absorption band at 575 nm.73 Such a thermochromic 
behavior of 16 clearly demonstrated the dynamic nature of intramolecular N→B 
coordination. 
As mentioned above, intramolecular N→B coordination has also been proven to 
significantly decrease the LUMO energy levels. 43,69,71,74 Such a unique characteristic 
was utilized by Wang et al. to develop a series of electron‐deficient N→B bond bridged 
conjugated polymers 17–20 (Figure 9).75,76 In these cases, two strands of intramolecular 
N→B coordinative bonds were installed onto a 2,2′‐bipyridine unit to induce a coplanar 
conformation and deep‐lying LUMO energy levels. After Stille coupling reaction with 
thiophene‐based monomers, step‐ladder polymers 17–20 with partially coplanarized 
conformation were synthesized. The coplanarity of these bipyridine units promoted 
condensed π–π stacking in the solid state and high electron transport mobilities up to 




in electronic devices. For example, 17 served as the electron acceptor material in organic 
solar cells,75 and 18–20 were used as the n‐type semiconducting materials in FETs.76  
 
 
Figure 9. Synthesis of π‐conjugated polymers containing N→B coordinative bonds. 
 
 
1.2.4   Heteroatom Noncovalent Interactions Promoted Coplanarity 
A variety of noncovalent interactions between sulfur and different 
electronegative atoms (N, O, F) have been utilized to control the polymer conformation 
of thiophene and thiophene‐derived conjugated systems.45,46,53,77-81 These noncovalent 
binding events were attributed to the partial donation of electron lone pairs of 
electronegative atoms to the unoccupied σ* orbital of a S−C bond.82,83 Computational 
studies showed that the strength of this class of heteroatom interactions are around 0.5 
kcal/mol,53 much weaker than the traditional hydrogen bonds and N→B coordinative 
interaction. However, these interactions are proved to be capable of stabilizing the 























































































fact, we noticed that at the early stage of the development of functional π‐conjugated 
polymers, enhanced coplanarity of the conjugated backbones might be achieved 
unintentionally by introducing a number of heteroatoms that can in fact form these weak 
interactions. Moreover, in the past few years, it has become a popular research topic to 
apply these interactions through a sophisticated design for the purpose of planarizing the 
backbone conformation for high device performance. 
 
 
Figure 10. (a) The chemical structures of 21 and 22; (b) single crystal structure and 
solid‐state packing of 21; (c) UV‐vis absorption and (d) differential scanning 
calorimetric traces of 21 (in red) and 22(in blue).  
 
The S…N interaction has been studied extensively and exists widely in 
conjugated molecules containing thiophene and nitrogen‐embedded heterocycles. Bazan 




electron‐rich units and electron‐deficient pyridalthiadiazole units (Figure 10a).84 In the 
single‐crystal structure of 21, the distance between sulfur and nitrogen was measured to 
be 2.89 Å (Figure 10b), much smaller than the sum of the van der Waals radii of sulfur 
and nitrogen (≈3.5 Å), indicating the presence of noncovalent bonding interactions.84 
The coplanar conformation of 21 was, as a result, greatly stabilized, leading to a red‐
shifted absorption spectrum (Figure 10c), compared to a control molecule without an 
S…N interaction (22). The coplanar conformation of 21 further enhanced the 
aggregation interaction in the solid state, as evidenced by the short π‐π stacking distance 
(Figure 10b) and an elevated melting temperature (Figure 10d).84  
Later on, the employment of intramolecular S…F interactions was proved to be 
an effective strategy to improve the performance of conjugated polymers in organic 
electronic devices by enhancing the backbone coplanarity. For instance, Heeney and co‐
workers functionalized poly(thiophene) with fluorine atoms and applied the polymeric 
materials as the semiconducting layer in FETs.85 During the synthesis of 23 (Figure 11), 
it was found that fluorinated precursors significantly increased the regioselectivity of the 
Grignard reaction. Furthermore, according to the DFT optimized geometry, the presence 
of fluorine resulted in a high energy barrier for torsional motion due to the S…F 
interaction, affording a coplanar backbone of polymer 23. In comparison with its non‐
fluorinated analogue, 23 demonstrated a decreased solubility, an increased melting 
temperature and a higher crystallization enthalpy, which were consistent with the 





Figure 11. Synthesis of π‐conjugated polymers 23, 24,25, 26, 27, and 28 with 
conformation controlled by S…F electrostatic interaction. 
 
In terms of device performance, 23 gave a significantly increased hole mobility 
in FETs (0.70 cm2 V−1 s−1) owing to its coplanar backbone. In 2015, Beaujuge et al. 
reported the synthesis of 24, followed by a systematic study on its coplanar 
conformation (Figure 11).86 Both theoretical computation and solid‐state 1H‐1H NMR 
analysis revealed a coplanar conformation and the S…F interaction in 24. The enhanced 
backbone coplanarity of 24 contributed to its high hole mobility measured from the 




monomer were incorporated into donor–acceptor alternating copolymers 
(25,87 26,88 27,58 and 2889), taking advantage of of its ability to induce a coplanar 
conformation by forming S…F interactions or C−H…F hydrogen bonds (Figure 11). 
With a partially or fully coplanar conformation induced by these noncovalent 
interactions, these polymeric materials showed high FET mobilities,87,89 and PCE88 in 
organic electronic devices. 
In the past few years, installing alkoxyl chains has been employed as an effective 
strategy to coplanarize the backbone conformation by forming S…O interactions in 
thiophene‐containing π‐conjugated molecules or polymers.18,46,90 In this context, a series 
of high‐performance organic semiconducting polymers (29, 30, and 31) were developed 
based on S…O conformational lock (Figure 12a).57,58,90-93 In one of the pioneering 
reports, Huang, Marks, et al. identified the noncovalent S…O interactions clearly and 
unambiguously characterized the resulting coplanar conformation through single‐crystal 
X‐ray diffraction of 32 (Figure 12b).91 Such a coplanar and regioregular segment in the 
polymer backbone afforded the well‐defined solid‐state packing and a high electronic 
device performance. Recently, Bo et al. Demonstrated 18that with a fully coplanar 
conformation locked by S…O interactions and hydrogen bonds, a small conjugated 
molecule 33 (Figure 12c) possessed an extended effective conjugation length and an 
increased quantum yield. Therefore, the absorption spectrum was broadened and the 
nonradiative energy loss was suppressed, leading to a boosted PCE value up to 9.60%, 





Figure 12. (a) Synthesis of 29, 30, and 31 featuring a partially coplanar 
conformation promoted by S…O electrostatic interactions; (b) the chemical and 
single crystal structure of 32; (c) the chemical structure and DFT optimized 
geometry of 33 featuring a fully coplanar conformation promoted by S…O 







1.3   Challenges and Outlook 
The employment of dynamic noncovalent bonds serves as a ubiquitous and 
promising strategy to control the conformation of π‐conjugated systems. With a coplanar 
conformation promoted by noncovalent bonds, π‐conjugated molecules and polymers 
have controllable properties and great potential in materials application. Previous 
sections summarize important developments on the employment of noncovalent bonds to 
achieve control on coplanar conformation of π‐conjugated molecules. A number of 
examples are listed to demonstrate the structure–property relationships of torsional 
motion in π‐conjugated systems. Controlling conformation of a π‐conjugated backbone 
with dynamic noncovalent bonds represents a promising strategy to access desirable 
physical properties and high performance in materials applications. In order to fulfill the 
potential of these noncovalent‐bond‐bridged conjugated materials, however, challenges 
in the molecular design, synthesis, characterization, and processing need to be addressed. 
One of the major advantages of using noncovalent bonds is the possibility to 
achieve an active control over conformation so that an accurate structure–property 
relationship can be established. Following this principle, the desirable properties can be 
accessed by controlling the conformation precisely. Only a few examples41,64,73 
demonstrated tunable properties and materials performance through conformational 
control. To achieve such a goal, a thorough molecular design is required, in which two 
major factors should be taken into consideration: (i) the tunability of noncovalent bond 
strength and (ii) the building units of π‐conjugated backbone. In terms of noncovalent 




desired conformation even in some extreme conditions,94 while a weak noncovalent 
bond will be highly sensitive to the external stimuli95 that triggers the dissociation to 
induce the conformational change. For instance, the bulky mesityl groups 
in 16 significantly weakened the originally strong N→B coordinative 
interaction.73 Therefore, the reversible formation/dissociation of N→B coordination can 
be activated, giving rise to the thermochromic behavior of this compound. The other 
important design principle involves the selection of proper building units to pursue the 
desired properties and application. In the examples of using traditional hydrogen bonds 
to achieve the coplanarity, a band gap smaller than 1.8 eV (with λ > 650 nm) has not yet 
been achieved due to the lack of intrinsic mechanism for band gap narrowing and 
effective orbital overlapping on available hydrogen bonding units.41,50 From a synthetic 
perspective, these issues can be resolved by the development of novel building blocks 
that integrates noncovalent bonds with structural features already exhibited promising 
materials performances. In this scenario, the additional coplanar character induced by 
noncovalent bonds is expected to further improve the performance of π‐conjugated 
systems. Moreover, as demonstrated in 141 and 15,72 the steric hindrance between the 
conjugated backbone units can still twist the molecular conformation even in the 
presence of intramolecular noncovalent binding. To avoid such steric effects, 
heterocyclic building units lacking such steric repulsion, such as thiazole and pyrazine, 
can be introduced.96  
An accurate characterization is essential to correlate the backbone conformation 




molecules, the characterization includes three major aspects: monitoring noncovalent 
binding events, determining molecular conformation, and characterizing solid‐state 
properties. In the past decade, momentous progress on the characterization of 
noncovalent binding events has been made.42,54,84,97 The noncovalent interactions can be 
monitored in both solution phase and in the solid state using experimental and theoretical 
tools, such as 1H NMR for hydrogen bonds,41,61 11B NMR for N→B coordinative 
bonds,42,70,73 FT‐IR,41 DFT calculations, etc.53 In addition, UV‐vis, fluorescence 
spectroscopy, and cyclic voltammetry can be used to investigate the opto‐electronic 
properties of π‐conjugated systems to indirectly probe the molecular 
conformations.48,64,73 For the solid‐state properties, AFM and SEM were applied to 
characterize the thin film morphology.46,98 Meanwhile, the employment of GIWAXS and 
powder X‐ray diffraction can determine crystallinity and solid‐state packing.54,91 
Methods to directly determine molecular conformation are still rather limited, despite 
that a number of physical organic methods can be employed to determine molecular 
conformation indirectly. Single crystal X‐ray diffraction analysis42,84,96 and 
computational study 53are still the primary tools for conformational characterization. The 
crystallographic method often only demonstrates the static conformation in the solid 
state while the dynamic motion in the solution phase cannot be represented in crystal 
structures. Computational methods, meanwhile, are often precise only for small π‐
conjugated systems. Therefore, it is still an elusive task to determine the molecular 
conformation precisely, particularly for polymers. Last but not least, active control of the 




reagents are interesting means to induce the formation or dissociation of noncovalent 
interactions during the characterization. It would be ideal if the molecular properties of 
π‐conjugated molecules could be monitored in a real‐time manner in the presence of 
external stimuli to correlate the conformation with molecular properties. 
The enhanced coplanarity of π‐conjugated backbones often promotes 
intermolecular π–π stacking interactions, usually resulting in limited solubility, 
particularly for conjugated polymers. For example, the poor solubility of 6 prevented the 
molecular weight determination in solution phase.63 Such a poor solubility hinders the 
further development on this type of conjugated molecule in the aspects of synthesis, 
characterization, and application. The dynamic nature of noncovalent bridging bonds, 
however, provides a promising solution to this problem, because the dissociation of 
these noncovalent bonds can lead to a less rigid and more soluble conjugated backbone. 
In this context, using competing chemical reagents as solvents can serve as an effective 
strategy to increase the solubility. After solution processing these organic conjugated 
materials into the solid state, the competing reagents can be removed so that the coplanar 
conformation and rigid structures will be restored by turning on the noncovalent bonds. 
Despite these challenges, more thrilling discoveries in this field will be achieved 






CHAPTER II  
MOLECULAR COPLANARITY AND SELF-ASSEMBLY PROMOTED BY 
INTRAMOLECULAR HYDROGEN BONDS* 
 
2.1   Introduction 
Molecular conformation represents one of the most important structural features 
for organic molecules. In a π-conjugated compound, the conformation not only shapes 
the properties of individual molecules but also plays an essential role in determining 
intermolecular interactions and selfassembly behaviors. Generally, a coplanar backbone 
of a conjugated molecule facilitates extended π-delocalization,99,100 consequently 
inducing enhanced intramolecular charge transfer and a narrowed band gap.43,44,48 
Moreover, coplanarity of conjugated skeletons promotes strong intermolecular π-π 
interactions and electronic coupling,54 leading to self-assembly in solution,9,10,101 
formation of well-defined nano/microstructures,12,102 and condensed packing modes in 
the solid state.103,104 Therefore, pursuing coplanar conformations becomes an important 
strategy in the development of functional π-conjugated organic materials.  
The prevailing strategy to achieve such a goal is the construction of fused-ring 
constitutions by forming additional strands of covalent bonds so that a coplanar 
conformation is enforced. On one hand, this method is efficient in affording excellent 
optoelectronic properties of individual molecules36,37 and endorses strong intermolecular 
                                                
*Reprinted with permission from “Molecular Coplanarity and Self-Assembly Promoted 
by Intramolecular Hydrogen Bonds” Zhu, C.; Mu, A. U.; Lin, Y.-H.; Guo, Z.-H.; Yuan, 





interactions, which can be further translated into the formation of nano-/microscale 
assemblies in the solid state.12,38,39,105,106 On the other hand, the covalently fused 
constitution often leads to synthetic and processing challenges and does not allow active 
control over the torsional conformation of these conjugated molecules.  
 
 
Figure 13. (a) An intramolecular hydrogen bonded 2-phenylpyridine derivative 
with a dihedral angle measured from the single crystal structure.110 (b) A p-
phenylene ethynylene derivative with a parallel linear hydrogen bond.111 (c) The 
structural formula of 34 and the potential energy surface scan [B97D/6-31G(d,p)] 
of 34 by changing the dihedral angle between the hydrogen bond donating units 
and accepting units. (d) The structural formula and DFT optimized conformation 
[B3LYP/6-311G(d,p)] of 35. 
  
Alternatively, the employment of intramolecular noncovalent bonds, such as 
hydrogen bonds,10,40,41,48,54,64,107,108 B−N Lewis acid−base pairing,42,43,109 metal 
coordination,44 and van der Waals forces,46,53,90 could serve as a promising approach to 
induce the desired conformation in a π-conjugated molecule while enabling dynamic 
conformational control. Unlike covalent bonds, the thermodynamically driven formation 
of noncovalent bonds is reversible,41,42,48 enabling on-demand control of molecular 





Among various types of noncovalent forces, hydrogen bonds stand out as ideal 
candidates because of their tunable strength and directionality,49 allowing for precise 
control of molecular conformation. The introduction of conjugated coplanarity by 
intramolecular hydrogen bonds, however, is still a challenging task. For example, in a 2-
phenylpyridine-based system (Figure 13a), the coplanarity is distorted by 2,2′-H,H 
repulsion even in the presence of an intramolecular hydrogen bond.110 Such steric 
repulsion can be avoided in a 1,2-diphenylethyne derived model compound, in which 
linear intramolecular hydrogen bonds are installed in parallel (Figure 13b).48,107,108,112,113 
Modern theoretical calculations, however, suggested that the linear hydrogen bond was 
not as favorable as a bent hydrogen bond in terms of the strength.114 Moreover, most 
hydrogen bond donating and accepting moieties were connected to conjugated 
backbones through rotatable single bonds, which could lead to increased flexibility and 
hence a greater entropy penalty when adopting the coplanar conformation. In addition, 
although some promising molecular properties have been reported,41,48 the expected self-
assembly and favorable solid-state packing have not been clearly demonstrated yet. 
Herein, we report the achievement of unambiguous molecular coplanarity, controllable 
self-assembly, and solid-state fiber formations of a large model π-system 34 (Figure 
13c), in which well-defined intramolecular hydrogen bonds play a crucial role in 







2.2   Molecular Design 
In compound 34, 1,4-bis(phenylethynyl)benzene was selected as the backbone to 
avoid the aforementioned 2,2′-H,H steric repulsion.48,107,108,112,113 The hydrogen bonding 
moieties were incorporated into the backbone through a fused-ring constitution. This 
strategy decreases the entropy penalty when the molecule adopts the desired coplanar 
conformation and, therefore, enhances the strength of the intramolecular hydrogen bonds 
and the molecular rigidity. Meanwhile, these preorganized hydrogen bonds adopted a 
bent structure (∠N− H···O ≈ 165° measured from optimized geometry) and a favorable 
binding orientation at oxygen.114,115 Using the reported bond lengths from crystal 
structures of related building blocks,116,117 the distance between hydrogen bonding 
nitrogen and oxygen was estimated to be ∼2.84 Å (Figure 13c), falling into the range 
where hydrogen bonds can be formed effectively.95 In addition, condensed solid-state 
packing,54,103 aggregation in solution, and self-assembly into well-defined 
nano/microstructures12,102 were expected once the strong hydrogen bonds and high 
molecular rigidity were achieved. To validate this molecular design, density functional 
theory (DFT) was employed to examine the torsional energy landscape of 34. By fixing 
the anthraquinone units into the same plane, the torsional potential energy was computed 
by changing the dihedral angle between the hydrogen bond donor and the anthraquinone 
plane. The lowest energy was found in the coplanar conformer. The 13.9 kcal/mol 
potential well suggested that this coplanar conformation was strongly stabilized by the 
hydrogen bonds (Figure 13c). In parallel, a control molecule (35) was designed by 




revealed a twisted backbone due to the steric interaction between methly groups and the 
anthraquinone units (Figure 13d).  
 
2.3   Synthesis and Characterization 
 
 
Figure 14. Synthesis of the coplanar model compound 34 and its non-coplanar 
counterpart 35 
 
The synthesis toward 34 started with compound 36 prepared according to a 
literature report (Figure 14).118 The linear n-octyl chains were installed to increase the 
solubility of 34 without perturbing the potentially strong π−π stacking between the 
coplanar backbones.38,119 After reducing the nitro groups in 36 into amine functionalities, 
the intermediate was treated directly with molten urea, affording the hydrogen bond 




intermediate 39. The final product 34 was obtained after deprotection of 39 followed by 
another Sonogashira coupling with 1-iodo-anthraquinone. Compound 35 was prepared 
from 39 as well. After methylation, the intermediate 40 was converted into 35 using a 
similar tandem procedure.  
 
 
Figure 15. 1H NMR spctra (500 MHz, 295 K) of (a) a mixture of 1-
iodoanthraquinone and 39 in CDCl3; (b) 34 in CDCl3; (c) 34 in d6-DMSO/CDCl3 





For compound 34, a remarkable downfield shift of the N−H proton signal (10.15 
ppm) was observed in CDCl3 at room temperature, in contrast to that in its precursor 39 
(7.72 ppm), corroborating the formation of hydrogen bonds in solution at room 
temperature (Figure 15). Because of the preorganized geometry and rigid nature of the 
hydrogen bonding moiety, the hydrogen bonds in 34 were expected to be strong and 
robust in solution and in the solid state. Although variable-temperature 1H NMR 
experiments revealed a slight dissociation of these hydrogen bonds at high temperatures, 
the chemical shift of the N−H proton remained in the downfield region at 9.99 ppm at 
65 °C in CDCl3 and 10.27 ppm at 80 °C in d6-benzene, respectively (Figure 16). This 
result indicated that intramolecular hydrogen bonds maintained control over the coplanar 
molecular conformation even in these boiling solutions.  
 
 
Figure 16. The plot of the chemical shifts of Proton h in 34 in CDCl3 (red) and d6-
benzene (blue) against temperature according to 1H NMR (500 MHz) experiement 







Figure 17. FT-IR spectra of 34 (in red) and 35 (in blue) in the solid state at room 
temperature. 
 
The Fourier transform infrared spectra (Figure 17) showed significantly 
weakened N−H stretching in 34 (3325 cm−1) compared to a non-hydrogen bonded amide 
N−H stretching (3450−3460 cm−1),115 confirming these robust hydrogen bonds in the 






Figure 18. (a) Front view and (b) side view of single crystal structure of 34. The 
thermal ellipsoids were scaled to the 50% probability level. (c) A side view of the 
packing mode of 34 in single crystal. The octyl chains and C2H2Cl4 solvent 
molecules are omitted for clarity. 
 
The solid-state structure of 34 was elucidated unambiguously using single crystal 
X-ray diffraction. The distances between the hydrogen-bond-donating nitrogen atom and 
the hydrogenbond-accepting oxygen atom were 2.819(7) Å and 2.840(7) Å on each side 
respectively (Figure 18a), close to the predicted values, falling into a strong-hydrogen-
bond-forming distance.95 The bond lengths of the inner C=O were longer than those of 
the outer C=O, in agreement with the decreased carbonyl stretching frequency after 
accepting hydrogen bonds (Figure 17). An almost coplanar backbone of 34 was 
observed (dihedral angles less than 4° between the planes of the hydrogen bond donor 
and acceptors) (Figure 18b). The ethynylene linker was slightly bentin the crystal 
structure due to the formation of hydrogen bonds. The extended coplanar backbone 
allows for the condensed packing with a π−π stacking distance of 3.30 Å (Figure 18c), 





Figure 19. UV-vis absorption spectra of 34 (in red) and 35 (in blue) in toluene 




Figure 20. Cyclic voltammetry traces of 34 (in red) and 35 (in blue) in CH2Cl2 
(concentration: 1.0×10-3 mol/L; scan rate: 100 mV/s). 
 
In comparison to the control compound 35, the hydrogen bond formation and the 
conformational coplanarity of 34 impacted its electronic structure by facilitating a more 




constitutional structures of 34 and 35, the absorption onset of 34 was 20 nm red-shifted 
compared to that of 35 (Figure 19). Furthermore, cyclic and differential pulse 
voltammetry (Figures 20, 21) revealed a lowered LUMO level (−3.44 eV) and a smaller 
band gap (1.98 eV) of 34 compared to that of 35 (2.04 eV). 
 
 
Figure 21. DPV traces of 34 and 35 (1.0×10-4 mol/L) in CH2Cl2 with TBAPF6 as the 
electrolyte. The scan period, width, and height were 100 ms, 10 ms, and 50 mV, 
respectively, with a potential increment of 10 mV. 
 
2.4   Controllable Aggregation and Self-Assembly 
The robust coplanar conformation and tight intermolecular π−π stacking of 34 
were expected to lead to aggregation/selfassembly of the molecule.121-123 To study this 
character, variableconcentration 1H NMR investigations of 34 and 35 were performed in 
CDCl3. At 295 K, as the concentration of 34 increased, the chemical shifts of the 
aromatic protons were shifted upfield by ∼20 ppb (Figure 22), indicating an aggregation 
process.119,124 In contrast, the spectra of 35 did not show any significant upfield shift 




attributed to the hydrogen bond induced coplanarity of 34, which enhanced π−π stacking 
in solution and promoted the aggregation, while the twisted backbone and active 
torsional motion of 35 prevented efficient aggregation.  
 
 




The selfassociation constant of 34 in CDCl3 was calculated to be 83 M−1 at 295 K, 
assuming an isodesmic aggregation model. Such a large association constant was 
comparable with literature reported rigid macrocyclic molecules.121 To further quantify 
the thermodynamic parameters of this aggregation process, selfassociation constants 
were measured at different temperatures (Figure 23a). The van’t Hoff plot revealed the 
aggregation enthalpy change of 34 to be −8.86 ± 0.43 kcal/mol and the entropy change 






Figure 23. (a) Temperature- and concentration-dependent 1H NMR chemical shifts 
of proton f of 34, fitted with the isodesmic model; the inset is a van’t Hoff plot of 
aggregation constants at different temperatures. (b) Aggregation enthalpy of 34 in 
CDCl3/d6-DMSO mixed solvents while increasing the volume fraction of d6-DMSO. 
 
To confirm the mechanism of the intramolecular hydrogen bond-promoted self-
assembly, the aggregation properties of 34 were investigated with the addition of DMSO, 
a hydrogen bond competing solvent. In general, the addition of a hydrophilic solvent, 
such as DMSO, to a solution of nonpolar compounds is expected to increase the 
aggregation because of the enhanced hydrophobic interaction in between the solute 
molecules.121-123 For compound 34, however, it was expected that DMSO should 
decrease the association constant because of the disruption of intramolecular hydrogen 
bonds. Indeed, by adding up to 14% (volume fraction) of DMSO to a CDCl3 solution of 
34, the aggregation enthalpy became less negative and the association constant 
decreased (Figure 23b). The hydrophobic aggregation was not observed until the 
fraction of d6-DMSO was increased over 17%, where the hydrophilic nature of DMSO 




bond was playing a crucial role to affect the aggregation behavior of 34 by keeping the 
coplanar conformation and locking the torsional motion. Such controllable aggregation 
behavior of 34 demonstrated the advantage of the intrinsic dynamic nature of 
noncovalent bonds when used for conformational control. 
 
 
Figure 24. (a) SEM images of nano-/microfibers of 34 grown from slow evaporation 
of CH2Cl2 solutions. (b) TEM images of these fibers with the SAED pattern. 
 
The coplanar backbone, strong anisotropic π−π interactions, negative aggregation 
enthalpy, and the linear peripheral octyl chains distinguished 34 as an ideal candidate for 
the growth of one-dimensional organic nano-/microstructures.119 From a CH2Cl2 solution 
of 34, one-dimensional fibers with a high aspect ratio (over 500) were obtained feasibly 
by slow evaporation (Figure 24a) and vapor diffusion. Under SEM, these fibers showed 
diameters ranging from 0.3 to 8 µm with the lengths reaching several millimeters 
(Figure 24a). Under transmission eletron microscopy (TEM), a series of ring-like 
diffraction patterns were observed on SAED images (Figure 24b), suggesting a certain 
extent of ordered arrangements in these fibers, consistent with the powder X-ray 










Figure 26. SEM images showing aggregates of 35 grown by slow evaporation using 
(a) CH2Cl2 and by vapor diffusion using (b) CH2Cl2/diethyl ether, (c) 




In contrast, compound 35 did not exhibit any self-assembled fibers due to the 
lack of the intermolecular aggregation enthalpy as the driving force (Figure 26). Such a 
distinctive difference between 34 and 35 indicated the significance of using 
intramolecular noncovalent bonds in promoting the self-assembly of molecules into 
well-defined solid-state structures.  
 
2.5   Conclusion 
In conclusion, the investigation of model compound 34 and its non-hydrogen 
bonded analogue 35 clearly demonstrated the significant impact of preorganized 
intramolecular hydrogen bonds on molecular conformation and intermolecular 
selfassembly. These hydrogen bonds were designed to force the molecules to adopt a 
thermodynamically stable coplanar conformation. This robust coplanarity induced strong 
intermolecular aggregation and preferential self-assembly into one-dimensional fibers in 
the solid state. Overall, this work not only establishes a fundamental correlation between 
intramolecular noncovalentbonds and molecular/supramolecular properties but also 
enables practical strategies for tailoring material properties of conjugated organic species 
through noncovalent conformational control. 
 
2.6   Experimental Section 
2.6.1   General Methods  
Starting materials and reagents were purchased from Sigma Aldrich, Acrons 




solvent system (PureSolv-MD-5) and used without further treatment. 1H, 13C NMR were 
recorded on the Varian Inova 500 MHz spectrometer. 1H and 13C chemical shifts were 
reported in ppm relative to the signals corresponding to the residual non-deuterated 
solvents (CDCl3: 1H 7.26 ppm, 13C 77.16 ppm) or the internal standard 
(tetramethylsilane: 1H 0.00 ppm). The broad singlet at ~1.55 ppm on 1H NMR spectra 
represents the resonance signal of H2O in CDCl3. High resolution electrospray ionization 
(ESI) mass spectra were measured on Applied Biosystems PE SCIEX QSTAR. Column 
chromatography was carried out using Biotage® IsoleraTM Prime instrument with 
various size of SiO2 Biotage ZIP® cartridge. Preparative gel permeation 
chromatography (GPC) was performed in chloroform solution at room temperature using 
JAI recycling preparative HPLC (LC-92XXII NEXT SERIES). UV-vis absorption 
spectra were recorded on Shimadzu UV-2600 Spectrophotometer. Fourier transform 
infrared (FT-IR) spectra were recorded with ZnSe ATR using Shimadzu IRAffinity-1S. 
Surface coating was carried with a Cressington Sputter Coater and the coating thickness 
was monitored by Cressington Thickness Controller. Scanning electron microscopy 
(SEM) images were recorded with JEOL JSM-7500F field emission scanning electron 
microscope. Transmission electron microscopy (TEM) images were recorded with JEOL 
JEM-2010 transmission electron microscope. 
 
2.6.2   Synthesis 
37: Compound 36 (2.4 g, 5.5 mmol) was dissolved in a mixture of THF (40 mL) 




added. The mixture was stirred at room temperature overnight. Then the mixture was 
filtered and the filtrate was transferred to another flask under N2. The solvents were 
removed under vacuum. Urea (40 g) was added to the residue and the temperature was 
increased to 170 °C. The mixture was stirred for 4 h. After cooling to room temperature, 
water and ethyl acetate were added into the mixture. The organic layer was washed with 
brine and dried with MgSO4. After purification through column chromatography (SiO2, 
hexane/EtOAc 3:1 to 1:3), the product (0.83 g, 39%) was isolated as pale yellow powder. 
m.p. 98 ~ 100 °C. 1H NMR (500 MHz, CDCl3) δ 9.20 (s, 2H), 6.72 (s, 2H), 3.93 (t, J = 
6.5 Hz, 4H), 1.78 (m, J = 6.5 Hz, 4H), 1.46 (m, J = 6.5 Hz, 4H), 1.37~1.23 (m, 16H), 
0.88 (t, J = 6.5 Hz, 6H); 13C NMR (125 Hz, CDCl3) δ 157.65, 145.49, 122.42, 98.35, 
70.50, 31.78, 29.44, 29.39, 29.24, 26.03, 22.61, 14.04. HRMS (ESI-TOF): m/z [M+H]+ 
Calcd for C23H39N2O3 391.2961; Found 391.2965. IR Absorption (cm-1): 3290 (br), 3100 
~ 2820, 1686, 1520 ~ 1450, 1288, 1238, 1188, 1138. 
38: Compound 37 (0.78 g, 2.0 mmol) was dissolved in acetic acid (4 mL). The 
solution was stirred at 70 °C. Then a solution of liquid bromine (0.94 g, 6.0 mmol) in 
acetic acid (4 mL) was added into the mixture over 10 min. The mixture was stirred 
under refluxing for 4 h. After cooling to room temperature, the mixture was extracted 
with CH2Cl2 and washed with brine, 1M NaOH solution, water and dried with MgSO4. 
After purification through column chromatography (SiO2, hexane/EtOAc 5:1 to 2:1), the 
product (0.96 g, 88%) was isolated as white powders. m.p. 137 ~ 140 °C. 1H NMR (500 
MHz, CDCl3) δ 8.99 (s, 2H), 4.16 (t, J = 6.5 Hz, 4H), 1.88 (m, J = 6.5 Hz, 4H), 1.34-




124.85, 98.39, 74.91, 32.00, 30.33, 29.58, 29.45, 26.20, 22.82, 14.26. HRMS (ESI-TOF): 
m/z [M+H]+ Calcd for C23H37N2O3Br2 549.1146; Found 549.1133. IR Absorption (cm-1): 
3106 (br), 2970 ~ 2820, 1693, 1490 ~ 1440, 1320, 1269, 1204, 1142. 
39: Compound 38 (654 mg, 1.2 mmol) and trimethylsilyl acetylene (3 mL) were 
dissolved in diisopropylamine (12 mL). The solution was degassed before 
Pd(dppf)Cl2!CH2Cl2 (49 mg, 0.06 mmol) and P(o-tol)3 (36.5 mg, 0.12 mmol) were 
added to the solution under N2. The reaction tube was sealed firmly and the mixture was 
stirred at 110 °C for 5 days. After cooling to room temperature, the mixture was 
extracted with CH2Cl2 and filtered through celite. The organic layer was washed with 1 
M HCl solution and dried with MgSO4. After purification by column chromatography 
(SiO2, hexane/EtOAc 9:1 to 3:1), the product (627 mg, 88%) was purified was isolated 
as brown powders. m.p. 89 ~ 92 °C. 1H NMR (500 MHz, CDCl3) δ 7.62 (s, 2H), 4.03 (t, 
J = 6.5 Hz, 4H), 1.77 (m, J = 6.5 Hz, 4H), 1.50 (m, J = 7 Hz, 4H), 1.36-1.25 (m, 8H), 
0.88 (t, J = 7 Hz, 6H), 0.28 (s, 18H); 13C NMR (125 Hz, CDCl3) δ 148.69, 126.04, 
105.37, 101.91, 95.52, 76.62, 75.06, 32.02, 30.47, 29.67, 29.44, 26.28, 22.83, 14.25, 
0.15. HRMS (ESI-TOF): m/z [M+H]+ Calcd for C33H55N2O3Si2 583.3751; Found 
583.3762. IR Absorption (cm-1): 3180 (br), 2980 ~ 2750, 2163, 1685, 1525 ~ 1410, 1338, 
1271, 1246, 1190, 1137. 
40: Compound 39 (175 mg, 0.30 mmol) was dissolved in anhydrous THF (4 mL) 
at 0 °C under N2. NaHMDS (0.6 mL, 2 M in THF) solution was added dropwise. After 
stirring at 0 °C for 1 h, CH3I (213 mg, 1.5 mmol) was added in one portion. The mixture 




the organic layer was washed with brine. After purification through column 
chromatography (SiO2, hexane/EtOAc 19:1 to 9:1), the product (157 mg, 86%) was 
isolated as yellow oil. 1H NMR (500 MHz, CDCl3) δ 4.00 (t, J = 6.5 Hz, 4H), 3.71 (s, 
6H), 1.79 (m, J = 6.5 Hz, 4H), 1.48 (m, J = 7 Hz, 4H), 1.34-1.25 (m, 8H), 0.88 (t, J = 7 
Hz, 6H), 0.26 (s, 18H); 13C NMR (125 Hz, CDCl3) δ 155.34, 148.95, 126.62, 104.73, 
102.07, 97.15, 74.84, 32.02, 30.55, 29.73, 29.46, 26.33, 22.83, 14.25, −0.24. HRMS 
(ESI-TOF): m/z [M+H]+ Calcd for C35H59N2O3Si2 611.4064; Found 611.4022. IR 
Absorption (cm-1): 2900 ~ 2750, 2164, 1733, 1672, 1490 ~ 1410, 1316, 1272, 1136. 
34: Compound 39 (175 mg, 0.30 mmol) was dissolved in a mixture of MeOH (4 
mL) and CH2Cl2 (4 mL). Then a solution of tetra-n-butylammonium fluoride in THF 
(1.0 M, 1.2 mL) was added into the solution. The mixture was stirred at room 
temperature overnight. The mixture was then extracted with ethyl acetate. The organic 
layer was washed with brine, water and dried with MgSO4. After removing organic 
solvents, the crude deprotected product was added together with 1-iodoanthraquione 
(302 mg, 0.90 mmol) to a Schlenk tube filled with 8 mL Et3N. The mixture was 
degassed and taken into an oxygen and water free glovebox, where Pd(Ph3)4 (34.6 mg, 
0.03 mmol) and CuI (11.5 mg, 0.06 mmol) were added. The mixture was stirred at 80 °C 
for 3 days. After cooling to room temperature, the mixture was extracted with CHCl3 
and washed with 1 M HCl solution. The organic layer was dried with MgSO4. After 
purification by preparative GPC using CHCl3 as the eluent (retention time: 30 min, flow 
rate: 14 mL/min), the product (200 mg, 79%) was isolated as red powders. M.p.>240 °C. 




8.39 (dd, J1 = 7.5 Hz, J2 = 1.5 Hz, 2H), 8.32 (dd, J1 = 7.5 Hz, J2 = 1.0 Hz, 2H), 7.98 (dd, 
J1 = 7.5 Hz, J2 = 1.0 Hz, 2H), 7.89 (td, J1 = 7.5 Hz, J2 = 1.0 Hz, 2H), 7.84 (td, J1 = 7.5 
Hz, J2 = 1.0 Hz, 2H), 7.81 (t, J = 7.5 Hz, 2H), 4.23 (t, J = 6.5 Hz, 4H), 1.90 (m, J = 6.5 
Hz, 4H), 1.64 (m, J = 7 Hz, 4H), 1.45-1.26 (m, 16H), 0.88 (t, J = 7 Hz, 6H); 13C NMR 
(125 Hz, CDCl3) δ 182.70, 182.61, 155.26, 147.49, 139.20, 134.97, 134.55, 133.98, 
133.46, 133.13, 132.94, 128.88, 128.49, 127.97, 127.16, 123.48, 102.13, 99.28, 88.85, 
75.46, 32.07, 30.63, 29.754, 29.60, 26.59, 22.87, 14.27. MS (ESI-TOF): m/z [M+H]+ 
Calcd for C55H51N2O7 851.37; Found 851.44. Elemental Analysis: Calcd for C55H50N2O7: 
C, 77.63; H, 5.92; N, 3.29; Found C, 77.19; H, 5.61; N, 3.80. IR Absorption (cm-1): 3325, 
3100 ~ 2810, 2192, 1718, 1666, 1600 ~ 1550, 1480 ~ 1400, 1321, 1276, 1136. 
35: Compound 40 (122 mg, 0.20 mmol) was dissolved in a mixture of MeOH (3 
mL) and CH2Cl2 (3 mL). Then a solution of tetra-n-butylammonium fluoride in THF 
(1.0 M, 0.8 mL) was added into the solution. The mixture was stirred at room 
temperature overnight. The mixture was extracted with ethyl acetate. The organic layer 
was washed with brine, water and dried with MgSO4. After removing organic solvents, 
the crude deprotected product was added together with 1-iodoanthraquione (202 mg, 
0.60 mmol) to a Schlenk tube filled with Et3N (6 mL). The mixture was degassed and 
taken into a oxygen and water free glovebox, where Pd(Ph3)4 (23.6 mg, 0.02 mmol) and 
CuI (7.4 mg, 0.04mmol) were added. The mixture was stirred at 80 °C for 3 days. After 
cooling to room temperature, the mixture was extracted with chloroform and washed 
with 1 M HCl solution. The organic layer was dried with MgSO4. After purification by 




mL/min), the product (120 mg, 79%) was isolated as red powders. m.p. 228 ~ 231 °C. 
1H NMR (500 MHz, CDCl3) δ 8.39 (dd, J1 = 7.5 Hz, J2 = 1.0 Hz, 2H), 8.32 (m, 4H), 
8.00 (dd, J1 = 7.5 Hz, J2 = 1.0 Hz, 2H), 7.82 (m, 4H), 7.80 (t, J = 7.5 Hz, 2H), 4.24 (t, J 
= 6.5 Hz, 4H), 3.98 (s, 6H), 1.90 (m, J = 6.5 Hz, 4H), 1.50 (m, J = 7 Hz, 4H), 1.34-1.12 
(m, 16H), 0.81 (t, J = 7 Hz, 6H). 13C NMR (125 Hz, CDCl3) δ 182.88, 181.92, 155.38, 
149.11, 140.27, 134.73, 134.66, 134.133, 134.11, 133.15, 133.10, 132.88, 127.86, 
127.68, 127.14, 126.84, 123.47, 102.41, 97.81, 88.77, 75.28, 32.00, 30.644, 29.80, 29.75, 
29.52, 26.43, 22.81, 14.22. MS (ESI-TOF): m/z [M+H]+ Calcd for C57H55N2O7 879.40; 
Found 879.45. Elemental Analysis: Calcd for C57H54N2O7: C, 77.80; H, 6.19; N, 3.21; 
Found C, 77.20; H, 5.77; N, 3.21. IR Absorption (cm-1): 3100 ~ 2750, 2189, 1733, 1672, 















2.6.3   NMR Spectra 
 
 
Figure 27. 1H (500 MHz), 13C NMR (125 MHz) spectra of 34 in CDCl3 at room 
temperature.   
























































Figure 29. 1H (500 MHz), 13C NMR (125 MHz) spectra of 37 in CDCl3 at room 


























Figure 30. 1H (500 MHz), 13C NMR (125 MHz) spectra of 38 in CDCl3 at room 

















































































Figure 33. 1H-1H COSY NMR (500 MHz) spectra of 34 in CDCl3 at room 
temperature. 
 





CHAPTER III  
SYNTHESIS AND SOLUTION PROCESSING OF A RIGID POLYMER ENABLED 
BY ACTIVE MANIPULATION OF INTRAMOLECULAR HYDROGEN BONDS* 
 
3.1   Introduction 
Intramolecular hydrogen bonds are ubiquitous in biomacromolecules and 
synthetic polymers, playing a pivotal role in shaping macromolecular conformations and 
governing macroscopic properties of these polymers. For example, they induce and 
stabilize the secondary structures of polypeptides (Figure 35a) and proteins.126-128 They 
are also important in determining the properties and functions of polysaccharides,129 
poly(vinyl alcohol),130 polyacrylamide,131,132 polyhydroxyalkanoates,133,134 poly(p-
sulfophenylene terephthalamide),135 a variety of copolymers, etc.136 Inspired by these 
natural and synthetic examples, chemists designed and incorporated intramolecular 
hydrogen bonds into artificial polymers to tailor their conformations and functions. 
These noncovalent interactions were employed to lock molecular conformations of a 
variety of synthetic polymers, to construct helical architectures,137-140 to access desired 
optical behaviors,41,51,52 and to achieve favorable charge transport properties.1,54 
However, after locking the global conformation, specifically to a coplanar geometry, 
decreased solubilities of the polymers were often encountered,2,41,52,63 leading to low 
                                                
*Reprinted with permission from “Synthesis and Solution Processing of a Rigid Polymer 
Enabled by Active Manipulation of Intramolecular Hydrogen Bonds” Zhu, C.; Mu, A. U.; 





molecular weights and poor solution processability that prohibit the urgently demanded 
wide application of this promising strategy for desired properties. 
 
 
Figure 35. (a) Example of intramolecular hydrogen bonds: crystal structure of a 
polypeptide with helical conformation induced by intramolecular hydrogen 
bonds141 and (b) chemical structures and graphical representations of HP and BocP. 
 
We envisioned that the critical challenges associated with the poor solubility and 
processability of these rigid polymers can be addressed by manipulating the 
intramolecular noncovalent interactions. In fact, the modulation of intramolecular 




to adopt different conformations to perform diverse functions in many essential life 
processes.142 For artificial polymers, it is still formidably challenging to actively control 
these intramolecular hydrogen bonds to achieve tunable properties, specifically those 
relating to synthesis and processing. In this context, global intramolecular hydrogen 
bonds (ubiquitously formed between each two adjacent building units throughout the 
backbone) need to be accurately arranged and efficiently manipulated in macromolecular 
backbones. Meanwhile, the typical high degrees of freedom of these hydrogen bonding 
moieties and the flexible macromolecular chains increase the complexity in controlling 
the conformations.143 Herein, we report a molecular engineering strategy to address this 
long-standing issue by chemically inhibiting and regenerating global intramolecular 
hydrogen bonds that are preorganized in a model polymer (HP). By inhibiting hydrogen 
bonds, a well-soluble precursor BocP was synthesized with a high molecular weight 
(Figure 35b) and good solution processability. Regenerating these global hydrogen 
bonds in the solid state afforded the polymer HP with a rigidified backbone, leading to 
excellent solvent resistance while enabling multilayer processing.  
 
3.2   Molecular Design 
The hydrogen-bonded polymer model system (HP, Figure 35b) was designed 
upon a poly(phenylene acetylene) backbone and composed of alternating hydrogen bond 
donating 2H-benzimidazol-2-one units and hydrogen bond accepting anthracene-9,10-
dione units. These hydrogen bond donors and acceptors were fused to the polymer 
backbone so that the degree of freedom of these functional groups was significantly 




penalty for the formation of intramolecular hydrogen bonds.11 Therefore, the hydrogen 
bond strength was expected to be enhanced, and the rigid backbone conformation can be 
precisely predicted. Meanwhile, the length of the ethynylene spacer allowed for the 
formation of a strong hydrogen bond with a favorable distance.95 These design principles 
were validated by a single-crystal structure of a small molecular model system.11 
Furthermore, DFT calculations on a representative structural segment of the HP 
backbone demonstrated torsional angles of 0.2° and 3.2° in the ground state (Figure 36). 
In this context, the conformation of HP was expected to be constrained by these 
intramolecular hydrogen bonds, giving torsional angles smaller than 5° between the 
alternating units. Such a constrained and rigidified molecular conformation, however, 
could lead to poor solubility as a result of strong intermolecular π–π 
interactions,11 bringing difficulties in characterization and processing. More importantly, 
this rigid polymer is likely to precipitate during the solution-phase synthesis, terminating 
the polymerization prematurely and resulting in a low molecular weight of the product. 
In this context, HP could serve as a model system to test the hydrogen bond 








Figure 36. Structural formula and molecular geometry of a representative 
structural segment of HP backbone. 
 
It was envisioned that a hydrogen bond “masking” strategy can be implemented 
in the synthesis and processing of HP (Figure 35b). The 2H-benzimidazol-2-one units 
were functionalized with t-butyloxycarbonyl (Boc) groups so that the hydrogen bond 
donating ability was “masked”. Once the corresponding polymer BocP was formed, the 
lack of intramolecular hydrogen bonds and the presence of bulky Boc groups twisted the 
molecule into a conformation with a torsional angle over 40°, as revealed by DFT 
calculation (Figure 37). Such a highly twisted backbone was expected to prevent the 
interchain aggregation and consequently increase the solubility and processability. It 
would also allow for the achievement of high molecular weight polymers without 
precipitation during the solution-phase synthesis. More importantly, because Boc groups 
are thermally cleavable in a quantitative manner without leaving behind nonvolatile 
residues,32,144,145 the intramolecular hydrogen bonds can be regenerated in the solid state 
by simple heating, converting BocP into HP. In other words, the processing and solid-
phase synthesis of HP can be achieved on the basis of highly soluble precursor BocP, 






Figure 37. Structural formula and molecular geometry of a representative 
structural segment of BocP backbone. 
 
3.3   Synthesis and Characterization 
 
 
Figure 38. Synthetic route to monomers 41 and 42. 
 
To test the aforementioned hypothesis, we first attempted the synthesis of the 
target polymer HP without Boc protection. The monomer, compound 41, was prepared 
according to a literature report (Figure 38).11 The polymerization was conducted 
through a Sonogashira coupling reaction between 41 and 1,5-diiodoanthracene-9,10-
dione in a mixed solvent of toluene and diisopropylamine (Route A, Figure 39). During 
OR
OR


























































this solution-phase step-growth polymerization, a large amount of precipitates were 
observed. These precipitates, labeled as “batch A” (HP-A), were only partially soluble in 
organic solvents (8% dissolved in 2-methyltetrahydrofuran, 17% dissolved in 
chlorobenzene). After extracting with hot tetrahydrofuran, analytical size exclusion 
chromatography (SEC) of the soluble fraction revealed (Figure 40a) a low number-
average molecular weight (Mn) of 5.2 kg/mol, which is similar to an intramolecular 
hydrogen bond rigidified model study reported in the literature.41 Most of the polymer 
sample, however, remained insoluble likely due to the high rigidity and strong interchain 
aggregations. Therefore, extensive characterization and solution processing of HP-
A were not feasible. 
 
 
Figure 39. Two Synthetic Routes to HP: Route A: direct polymerization of 
monomer 41 without masking the hydrogen bonds. Route B: polymerization of 





To implement the hydrogen-bond masking strategy, the synthesis of 
precursor BocP was performed, followed by solid-state conversion of BocP into a higher 
molecular weight batch HP-B (Route B, Figure 39). The synthesis started from the 
polymerization of 1,5-diiodoanthracene-9,10-dione and monomer 2, in which the 
hydrogen bond donating urea groups were protected by Boc groups. The polymerization 
did not result in any precipitate. After workup and purification by preparative SEC to 
remove oligomers, BocP was isolated as a readily soluble material not only in 
conventional organic solvents like dichloromethane, chloroform, and toluene but also in 
environmentally friendly solvents such as 2-methyltetrahydrofuran (>10 mg/mL) 
(Figure 40a).146  
 
 
Figure 40. (a) Size exclusion chromatogram of BocP and the soluble fraction of HP-
A. Inset is a photograph of HP-A and BocP (5 mg/mL) in 2-methyltetrahydrofuran 





Figure 41. 1H (500 MHz) NMR spectrum of BocP in CDCl3 at room temperature.  
 
BocP was first characterized by analytical SEC, showing a much higher 
molecular weight (32.4 kg/mol) than the soluble fraction of HP-A and a polydispersity 
index of 1.7. In the 1H NMR spectrum of BocP (Figure 41), all resonance signals were 
assigned based on the spectra of the monomers. An unexpected small resonance peak at 
10.55 ppm,11,95 indicated that some of the Boc groups were cleaved during the 
polymerization. Apparently, this partial Boc group cleavage did not lower the solubility 
of the polymer significantly to impact the solution-phase synthesis. It was also noticed 
that the resonance peak of the Boc groups was upfield shifted for 0.21 ppm after the 



















neighboring aromatic units. This observation also corroborated the twisted molecular 
geometry calculated by DFT, in which the Boc groups were in close proximity with the 
π-face of anthracene–dione units.  
 
 
Figure 42. The TGA trace of BocP. Boc cleavage started at 130 °C. A weight loss of 
9.1% was observed from 130 °C to 210 °C. The polymer further decomposed at 
270 °C with an additional weight loss of 5%. 
 
In thermal gravimetric analysis, an expected weight loss of 9.1% from 130 to 
160 °C was observed (Figure 42), corresponding to the thermal cleavage of Boc 
groups.32,144,145 This weight loss was smaller than the theoretical calculated value 
(16.8%), further confirming the preceding partial cleavage of Boc groups during the 
solution-phase polymerization. This well-soluble polymer BocP was converted into HP-




consequently, HP-B became insoluble in organic solvents (Figure 43) due to its rigid 
backbone, strong intermolecular interactions, and higher molecular weight (compared 
to HP-A). This process represents an example of switching the macromolecular 




Figure 43. Thin films of HP-B on glass substrates at room temperature soaked in 
different organic solvents: (a) chloroform, (b) THF, (c) chlorobenzene, (d) 
chlorobenzene after heating at 120 °C for 2 hours. 
 
FT-IR spectroscopy was employed to further investigate the Boc cleavage 
process. The IR spectrum (Figure 40b) of BocP showed three peaks at 1796, 1751, and 
1673 cm–1, corresponding to C═O stretching in the Boc groups, benzimidazol-2-one, 
and anthracene-9,10-dione units, respectively. In addition, a weak peak at 3318 cm–1 was 
observed, which was attributed to stretching of the partially deprotected N–H groups, 
consistent with that of a reported small molecular analogue.11 After the sample was 
treated by heating, the C═O stretching peak of Boc groups at 1796 cm–1 disappeared. 




the increased amount of hydrogen bonded N–H groups after the cleavage of Boc groups. 
It was also noticed that the C═O stretching energy in anthracene-9,10-dione units 
decreased to 1668 cm–1 as a result of accepting intramolecular hydrogen 
bonds.11 Moreover, the characteristic IR peaks of HP-B were identical to those of 
directly synthesized HP-A (Figure 44), further corroborating the successful regeneration 
of functional groups in HP-B after the thermal treatment of BocP. 
 
 
Figure 44. Fourier transform infrared spectrum of HP-A in the solid state at room 
temperature. 
 
3.4   Active Manipulation of Hydrogen Bonds and Solution Processing 
Thin-film processability of polymeric materials is essential for many important 




directly synthesized batch, HP-A, was difficult to solution process due to the low 
solubility. Melt processing was not feasible due to either its rigid nature or lack of glass 
transition. Therefore, its solid-state properties, such as photophysics, energy levels, 
morphology, and packing, cannot be comprehensively characterized. In contrast, the 
switched-on solubility of BocP and feasible regeneration of intramolecular hydrogen 
bonds allowed for solution processing of HP-B into thin films despite its insoluble 
nature. This strategy of manipulating intramolecular hydrogen bonds enabled 
characterization of HP-B in the thin film state. UV–vis absorption and cyclic 
voltammetry measurements of HP-B and BocPthin films were conducted. Both 
polymers possessed two major absorption bands at around 500 and 370 nm (Figure 45). 
Compared to BocP, HP-B showed a slightly red-shifted absorption, indicating a 
narrowed optical band gap due to its constrained conformation and enhanced 
intermolecular electronic coupling.  
 
 
Figure 45. UV-vis absorption of thin films (spin coated from a solution of 2 mg/mL 




The cyclic voltammetry trace (Figure 46) of the film of BocPon indium tin oxide 
showed a reduction potential of −1.26 V and an oxidation potential of 0.83 V [vs 
ferrocene/ferrocenium]. After the in situ formation of HP-B by heating, the oxidation 
potential decreased to 0.75 V. Meanwhile, the reduction potential shifted positively to 
−1.22 V, which can be attributed to the more electron-deficient anthracene-9,10-dione 
units induced by the intramolecular hydrogen bonds in HP-B.11 Overall, due to the 
formation of intramolecular hydrogen bonds and its coplanar conformation, HP-











Figure 47. (a) AFM images of thin films of BocP and HP-B; graphic representation 
of multilayer-film processing of solvent-resistant film of HP-B. (b) UV–vis spectra 
of the HP-B films after different numbers of processing cycles. Inset is the plot 






Figure 48. GIWAXS patterns of (a) a BocP (as casted) thin film and (b) a HP-B 
(annealed) thin film. The thin film of BocP was prepared by spin coating a BocP 
solution (2.0 mg/mL in chlorobenzene) at a spinning rate of 1000 rpm on silica 
wafer substrates. The thin film of HP-B was prepared by thermal annealing 
another thin film of BocP at 130 °C for 1 hour in a N2-filled glovebox. 
 
The atomic force microscopy (AFM) image of the BocP thin film [spin-casted 
from a solution of chlorobenzene (2 mg/mL)] showed an amorphous morphology and a 
smooth surface with root-mean-square roughness of 0.28 nm (Figure 47), suggesting an 
excellent film-forming ability. GIWAXS of this sample showed no significant features 
(Figure 48), further confirming the amorphous nature of the film. After the thermal 
treatment at 130 °C, the AFM image of the HP-B film demonstrated a similar 
morphology with only a slightly increased root-mean-square roughness (0.30 nm). 
Meanwhile, the GIWAXS pattern remained featureless, indicating that the Boc cleavage 
process did not alter the morphology of the film significantly. This retained morphology 
was likely a result of the low chain mobility of HP-B due to the strong π–π interactions 
between the rigid and coplanar polymer backbones. 
After thermal cleavage of Boc groups, the resulting film of HP-B became 




thin films of polymers, if not further cross-linked, additional contact with organic 
solvents would often lead to redissolution or solvent damages of the original films. This 
problem represents a major challenge for multilayer film fabrication using solution-
processing techniques.145,150 The demonstrated in situ formation of intramolecular 
hydrogen bonds in HP-B offered an ideal strategy to address this issue. In our model test, 
several cycles of the solution casting and thermal cleavage were performed (Figure 47a) 
to deposit multiple layers of HP-B in a cumulative manner. In these cycles, solution 
casting an additional BocP layer did not impact the HP-B layer on the substrate, due to 
the switched off solubility of HP-B after the regeneration of intramolecular hydrogen 
bonds. This well-controlled multilayering process led to a linear correlation between the 
absorption intensities and the number of processing cycles (Figure 47b). This method 
sets the foundation for future developments of polymeric materials suitable for 
multilayer solution processing and 3D printing by manipulating intramolecular 
noncovalent bonds and the backbone conformation. 150-152 
 
3.5   Conclusion 
In conclusion, we present here a molecular engineering strategy to manipulate 
intramolecular hydrogen bonds of rigid macromolecules, offering an innovative 
fundamental method to accomplish the challenging synthesis and processing of this 
important class of polymeric materials. After masking intramolecular hydrogen bonds 
with Boc groups, the synthesis of a high molecular weight batch of BocP with an 




the preorganized intramolecular hydrogen bonds in HP-B in the solid state. As a result, 
the rigidified backbones of HP-B amplified the interchain interactions, leading to good 
resistance toward organic solvents. This approach was employed to demonstrate the 
multilayer solution casting of HP-B, providing a practical method for multilayer 
processing and 3D printing of such materials without the concern of solvent 
orthogonality. This strategy can be feasibly applied to other monomers containing amide, 
amino, or urea groups as hydrogen bond donors to access diverse structures and 
properties of this class of rigid polymers. 
 
3.6   Experimental Section 
3.6.1   General Methods  
Starting materials and reagents were purchased from Sigma Aldrich, Acrons 
Organics, Alfa Aesar or Oakwood and used as received. THF was dried and distilled 
under nitrogen from sodium using benzophenone as the indicator. CH2Cl2, DMF, and 
toluene were dried using a IT pure solvent system (PureSolv-MD-5) and used without 
further treatment. 1,2-Bis[(2-octyldodecyl)oxy]benzene was synthesized according to a 
reported literature procedure.153 1H and 13C NMR spectra were recorded on Varian Inova 
300 MHz or 500 MHz spectrometers. The NMR chemical shifts were reported in ppm 
relative to the signals corresponding to the residual non-deuterated solvents (CDCl3: 1H 
7.26 ppm, 13C 77.16 ppm) or the internal standard (tetramethylsilane: 1H 0.00 ppm). 
Abbreviations for reported signal multiplicities are as follows: s, singlet; d, doublet; t, 




spectra represents the resonance signal of H2O in CDCl3. High resolution electrospray 
ionization (ESI) mass spectra were recorded on Applied Biosystems PE SCIEX QSTAR. 
Column chromatography was carried out using Biotage® IsoleraTM Prime instrument 
with various size of SiO2 Biotage ZIP® cartridge. Analytical size exclusion 
chromatography (SEC) measurements were performed on a TOSOH EcoSEC (HLC-
8320GPC) in THF solution at 40 °C temperature through TSKgel SuperHM-M and 
TSKgel SuperH-RC columns. The molecular weights were calculated using a calibration 
curve based on polystyrene standards. Preparative SEC was performed in chloroform 
solution at room temperature using a JAI recycling preparative HPLC (LC-92XXII 
NEXT SERIES) through a JAIGEL-2H-40 column. UV-vis absorption spectra were 
recorded on a Shimadzu UV-2600 Spectrophotometer. Fourier transform infrared spectra 
were recorded in attenuated total reflection mode using ZnSe on a Shimadzu IRAffinity-
1S spectrometer. Thermal gravimetric analysis (TGA) was recorded under nitrogen 
atmosphere with heating rate of 10 °C min‒1 from 40 °C to 600 °C using TA Q500. 
Silicon wafers were cleaned by UV-ozone treatment for 15 minutes. Atomic force 
microscopy (AFM) images were recorded with Bruker Dimension Icon AFM in a 
tapping mode and processed using NanoScope Analysis. Grazing incidence wide angle 
X- ray scattering (GIWAXS) was conducted at Beamline 7.3.3 at the Advanced Light 
Source (ALS), Lawrence Berkeley National Laboratory, using an approximately 0.5 mm 
wide 10 keV X-ray beam. Using the GIXSGUI package for Matlab, data are corrected 
using silver behenate as the standard sample.154 DFT calculation were performed with 




calculation using B3LYP/6-31g(d,p). For the computational simplicity, 2-octyldodecyl 
chains were replaced by methyl groups. Cyclic voltammetry in the solid state was 
carried out at room temperature in nitrogen-purged acetonitrile with a CHI voltammetric 
analyzer. Tetrabutylammonium hexafluorophosphate (0.1 M in acetonitrile) was used as 
the supporting electrolyte. The conventional three-electrode configuration consisted of 
an indium tin oxide (ITO) working electrode, a platinum wire anxiliary electrode, and a 
Ag/AgCl electrode with ferrocene/ferrocenium as the standard. Cyclic voltammograms 
were obtained at a scan rate of 100 mV/s. The thin film of BocP was prepared by drop-
casting the 2-methyltetrahydrofuran solution of BocP (5 mg/mL) on an ITO coated glass 
substrate. The thin film of HP-B was generated by heating the aforementioned BocP thin 
film on an ITO coated glass substrate at 130 °C for 1 hour under nitrogen. The thin film 
of BocP was prepared by spin coating a BocP solution (2.0 mg/mL in chlorobenzene) at 
a spinning rate of 1000 rpm on silica wafer substrates. The thin film of HP-B was 
prepared by thermal annealing another thin film of BocP at 130 °C for 1 hour in a N2-
filled glovebox.  
 
3.6.2   Synthesis 
Compound 43: To a stirred concentrated HNO3 (35 mL), a solution of 1,2-bis[(2-
octyldodecyl)oxy]benzene (9.13 g, 13.0 mmol) in dichloromethane (80 mL) was added 
dropwise over 30 min at room temperature. After the addition, 13 mL concentrated 
H2SO4 was added in one portion. The mixture was stirred for 90 min at room 




was washed with 1 M NaOH twice, brine twice and dried with MgSO4. The product was 
purified through column chromatography (SiO2, hexane/ dichloromethane 4:1) and 
isolated as a yellow oil (8.24 g, 84%). 1H NMR (300 MHz, CDCl3) δ = 7.28 (s, 2H), 3.95 
(d, J = 5.4 Hz, 4H), 1.83 (m, J = 6.0 Hz, 2H), 1.41-1.26 (m, 64H), 0.88 (t, J = 6.6 Hz, 
12H); 13C NMR (75 Hz, CDCl3) δ 152.24, 136.51, 107.62, 72.63, 38.08, 32.15, 32.14, 
31.81, 31.43, 30.23, 29.94, 29.89, 29.86, 29.81, 29.60, 29.59, 27.04, 22.89, 14.22. ESI-
MS: m/z [M+Cl]− Calcd for C46H84N2O6Cl 795.6018; Found 795.6009. 
Compound 44: Compound 43 (4.0 g, 5.3 mmol) was dissolved in a mixed solvent 
of THF (60 mL) and EtOH (120 mL). To the solution, 10% Pd/C (1.2 g) and HCO2NH4 
(60 g) were added at room temperature. After stirring at room temperature overnight, the 
reaction mixture was filtered and the filtrate was collected under N2. The solvent was 
removed under reduced pressure and dried under vacuum. Urea (40 g) was subsequently 
added to the residue and the temperature was increased to 170 °C. The molten mixture 
was stirred for 4 h. After cooling down to room temperature, water and ethyl acetate 
were added into the mixture. After phase separating, the organic layer was washed with 
brine twice and dried with MgSO4. The crude product was purified through column 
chromatography (SiO2, hexane/ ethyl acetate 4:1 to 1:3) and was isolated as a brown oil 
(1.50 g, 39%). 1H NMR (300 MHz, CDCl3) δ = 10.20 (s, 2H), 6.73 (s, 2H), 3.78 (d, J = 
5.7 Hz, 4H), 1.76 (m, J = 5.7 Hz, 2H), 1.38-1.24 (m, 64H), 0.87 (t, J = 6.0 Hz, 12H); 13C 
NMR (75 Hz, CDCl3) δ 157.37, 146.37, 122.52, 98.58, 73.72, 38.51, 32.18, 31.57, 30.32, 
29.93, 29.90, 29.86, 29.57, 29.55, 27.13, 22.85, 14.23. ESI-MS: m/z [M+H]+ Calcd for 




Compound 45: Compound 44 (2.10 g, 2.77 mmol) was dissolved in acetic acid (6 
mL) and heated up to 70 °C. Then a solution of liquid bromine (1.36 g, 8.67 mmol) in 
acetic acid (6 mL) was added over 10 min. The reaction mixture was stirred under reflux 
for 4 h. After cooling to room temperature, the mixture was extracted with CH2Cl2 and 
washed with brine twice, 1M NaOH twice, water once and dried with MgSO4. The crude 
product was purified through column chromatography (SiO2, hexane/ ethyl acetate 4:1 to 
2:1) to give 45 as a brown oil (2.23 g, 88%). 1H NMR (300 MHz, CDCl3) δ = 10.20 (s, 
2H), 3.85 (d, J = 6.0 Hz, 4H), 1.81 (m, J = 6.0 Hz, 2H), 1.34-1.26 (m, 64H), 0.87 (t, J = 
6.6 Hz, 12H); 13C NMR (125 Hz, CDCl3) δ 155.87, 146.45, 125.05, 124.93, 98.06, 78.24, 
39.30, 32.16, 32.12, 31.34, 30.38, 30.17, 29.98, 29.96, 29.92, 29.63, 29.62, 27.15, 22.93, 
14.35. ESI-MS: m/z [M−H]− Calcd for C47H83N2O3Br2 883.4750; Found 883.4819. 
Compound 46: Compound 45 (900 mg, 0.983 mmol) and trimethylsilyl acetylene 
(1.93 g, 19.66 mmol) were dissolved in diisopropylamine (11 mL) at room temperature. 
The solution was degassed by three freeze-pump-thaw cycles before Pd(dppf)Cl2CH2Cl2 
(48.3 mg, 0.05 mmol), CuI (19.1 mg, 0.10 mmol) and P(o-tol)3 (61.8 mg, 0.20 mmol) 
were added under N2. The mixture was stirred at 95 °C for 7 days. After cooling to room 
temperature, the mixture was extracted with CH2Cl2 and filtered through celite. The 
organic phase was dried with MgSO4. The crude product was purified through column 
chromatography (SiO2, hexane/ ethyl acetate 8:1 to 3:1) to give 46 as a light yellow oil 
(623 mg, 69%). 1H NMR (500 MHz, CDCl3) δ = 7.93 (s, 2H), 3.90 (d, J = 6.0 Hz, 4H), 
1.79 (m, J = 6.9 Hz, 2H), 1.52-1.25(m, 64H), 0.88 (t, J = 6.3 Hz, 12H), 0.28 (s, 18H); 




32.18, 32.15, 31.40, 30.40, 30.06, 29.98, 29.96, 29.94, 29.90, 29.62, 27.28, 27.24, 22.94, 
22.92, 14.34, 0.15. ESI-MS: m/z [M+H]+ Calcd for C57H103N2O3Si2 919.7507; Found 
919.7472. 
Compound 41: A solution of compound 46 (437 mg, 0.475 mmol) in a mixed 
solvent of MeOH (30 mL) and THF (30 mL) was added a solution of tetra-n-
butylammonium fluoride in THF (1.0 M, 1.9 mL). The mixture was stirred at room 
temperature overnight and subsequently extracted with ethyl acetate. The organic layer 
was washed with brine twice, water once, and dried with MgSO4. The crude product was 
purified through column chromatography (SiO2, hexane/ ethyl acetate 4:1) to afford 
monomer 41 as a light yellow oil (320 mg, 87%). 1H NMR (500 MHz, CDCl3) δ = 8.39 
(s, 2H), 3.91 (d, J = 5.7 Hz, 4H), 3.54 (s, 2H), 1.77 (m, J = 6.0 Hz, 2H), 1.51 (m, J = 6.0 
Hz, 4H), 1.38-1.26 (m, 60H), 0.88 (t, J = 6.6 Hz, 12H); 13C NMR (125 Hz, CDCl3) δ 
155.05, 149.34, 126.68, 101.10, 87.15, 78.39, 75.15, 39.28, 32.16, 31.36, 30.38, 30.04, 
29.98, 29.93, 29.92, 29.64, 29.61, 27.16, 27.12, 22.95, 22.93, 14.36. ESI-MS: m/z 
[M+H]+ Calcd for C51H87N2O3 775.6717; Found 775.6701. 
Compound 42: Compound 46 (184 mg, 0.2 mmol) was dissolved in anhydrous 
THF (5 mL) at 0 °C under N2. Trimethylamine (2 mL) and a few crystals of DMAP were 
added dropwise. Di-tert-butyl dicarbonate (0.2 mL) was added in one portion 
subsequently. The reaction mixture was warmed up to room temperature and stirred 
overnight. The mixture was extracted with CH2Cl2, and the organic layer was washed 
with brine. After removing the solvent under reduced pressure, the residue was re-




temperature. A solution of tetra-n-butylammonium fluoride in THF (1.0 M, 1.0 mL) was 
added. The mixture was stirred at room temperature overnight and subsequently 
extracted with CH2Cl2. The organic phase was washed with brine twice, water twice and 
dried with MgSO4. The crude product was purified through column chromatography 
(SiO2, hexane/ ethyl acetate 9:1 to 4:1) to afford monomer 42 as a light yellow oil (141 
mg, 72%). 1H NMR (500 MHz, CDCl3) δ = 3.92 (d, J = 6.0 Hz, 2H), 3.57 (s, 2H), 1.79 
(m, J = 6.0 Hz, 2H), 1.64 (s, 18H) 1.52-1.25(m, 64H), 0.88 (t, J = 6.5 Hz, 12H); 13C 
NMR (125 Hz, CDCl3) δ = 154.98, 149.27, 126.61, 101.03, 87.08, 78.32, 75.15, 39.28, 
32.16, 31.36, 30.38, 30.04, 29.98, 29.93, 29.92, 29.64, 29.61, 27.16, 27.12, 22.95, 22.93, 
14.36. ESI-MS: m/z [M+K]+ Calcd for C61H102N2O7K 1013.7325; Found 1013.7396. 
HP-A: Monomer 41 (38.3 mg, 0.0494 mmol) and 1,5-diiodoanthracene-9,10-
dione (22.7 mg, 0.0494 mmol) were added into mixed solvents of toluene (5 mL) and 
diisopropylamine (2.5 mL). The suspension was degassed by three freeze-pump-thaw 
cycles before Pd(PPh3)4 (2.8 mg, 2.5 µmol) and CuI (0.5 mg, 2.5 µmol) were added 
under N2. The mixture was stirred at 95 °C for 3 days. After cooling to room temperature, 
the reaction mixture was added into methanol (100 mL). The polymer suspension was 
stirred at room temperature over night. The resulting solids were filtered, washed with 
methanol twice, and dried under vacuum to afford HP-A as dark brown solids (31.0 mg, 
64%, Mn = 5.2 kg/mol, PDI = 1.7 determined by SEC). 
BocP: Monomer 42 (28.4 mg, 0.0291 mmol) and 1,5-diiodoanthracene-9,10-
dione (13.4 mg, 0.0291 mmol) were added into mixed solvents of toluene (4 mL) and 




cycles before Pd(PPh3)4 (1.7 mg, 1.46 µmol) and CuI (0.3 mg, 1.46 µmol) were added 
under N2. The mixture was stirred at 95 °C for 3 days. After cooling to room temperature, 
the solvents were removed under reduced pressure. The residue was extracted with 
CH2Cl2, washed with brine three times and dried over MgSO4. After removal of CH2Cl2 
and dried under vacuum, the crude polymer products were isolated as dark brown solids 
(26 mg, 74%, Mn = 15.4 kg/mol, PDI = 2.2 determined by SEC). These crude products 
were further purified by the preparative SEC using chloroform as the eluent with an 
eluting rate of 14 mL/min to remove low molecular weight oligomers. Further removal 
of chloroform under reduced pressure afforded BocP as dark brown solids (16 mg, 46%, 
Mn = 32.5 kg/mol, PDI = 1.7 determined by SEC). 1H NMR (500 MHz, CDCl3) δ = 
10.54 (broad, 0.34H), 8.60 ~ 7.70 (m, broad, 6H), 4.15 (broad, 4H). Due to the 
significant overlapping with signals of H2O and HDO, the integration of aliphatic 
protons in BocP was not accurate. 
HP-B: To a 20 mL vial, BocP (5.1 mg, Mn = 32.5 kg/mol, PDI = 1.7 determined 
by SEC) was added. The vial containing BocP was capped with a black phenolic cap 
with PTFE liner, further transferred into a N2-filled glovebox, and heated up to 130 °C 
on a hot plate for 1 hour. After cooling down to room temperature, HP-B (4.5 mg, Mn = 








3.6.3   NMR Spectra 
 







Figure 50. 1H (300 MHz), 13C (75 MHz) NMR spectra of 44 in CDCl3 at room 












Figure 51. 1H (300 MHz), 13C (125 MHz) NMR spectra of 45 in CDCl3 at room 












Figure 52. 1H (300 MHz), 13C (125 MHz) NMR spectra of 46 in CDCl3 at room 














Figure 53. 1H (300 MHz), 13C (125 MHz) NMR spectra of monomer 41 in CDCl3 at 














Figure 54. 1H (500 MHz), 13C (125 MHz) NMR spectra of monomer 42 in CDCl3 at 





















3.6.4   Size Exclusion Chromatography 
 
Figure 55. Size exclusion chromatogram of BocP (top: as prepared; bottom: 




CHAPTER IV  
LOW BAND GAP COPLANAR CONJUGATED MOLECULES FEATURING 
DYNAMIC INTRAMOLECULAR LEWIS ACID-BASE COORDINATION* 
 
4.1   Introduction 
Low band gap materials are pivotally important in applications associated with 
photovoltaic devices and near-infrared (NIR) absorbing materials.22,156-159 Among them, 
π-conjugated organic materials are particularly captivating on account of their 
composition of earth-abundant elementals, high photoabsorptivity through direct band 
gaps, and facile yet controllable solution processability.160 Two practical strategies are 
often invoked in the design and synthesis of low band gap π-conjugated organic 
compounds: (1) Incorporation of conjugated electron-donating and -accepting units in an 
alternating manner161-163 and (2) extension of the coherent π-electron delocalization.164-
167  
The first strategy relies on the recombination of the highest occupied molecular 
orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) of the 
alternating electron-donating and -accepting units to afford a higher HOMO and a lower 
LUMO, hence, a narrowed band gap.168 In order to achieve an extremely low band gap, 
an electron-rich donor unit is often employed. This approach, however, can lead to the 
resulting product with a high lying HOMO, which can be easily oxidized and hence 
                                                
*Reprinted with permission from “Low Band Gap Coplanar Conjugated Molecules 
Featuring Dynamic Intramolecular Lewis Acid–Base Coordination” Zhu, C.; Guo, Z.-H.; 
Mu, A. U.; Liu, Y.; Wheeler, S. E.; Fang, L. J. Org. Chem., 2016, 81, 4347. Copyright 




suffer from stability issues in an ambient environment.165 In this context, a more viable 
strategy for the development of stable low band gap molecules should lower the LUMO 
level while maintaining the HOMO level. Additionally, lower LUMO energies can lead 
to n-type materials with high electron affinities that are generally less accessible 
compared to the more widely investigated p-type organic materials.169-171  
 
 
Figure 56. Two general strategies that are often invoked in the design and synthesis 
of low band gap π-conjugated organic compounds: incorporation of conjugated 
electron-donating and -accepting units in an alternating manner (left) and 
extension of the coherent π-electron delocalization (right). 
 
In order to apply the second strategy, namely, extension of π-electron 
delocalization, conjugated polymers are preferable compared to small molecules because 
of their longer possible conjugation.172 The effective coherent conjugation length of 
conventional single-strand polymers, however, is severely limited by the torsional 
motion in between the aromatic units.28 A coplanar π-system with restricted torsional 
disorder, in contrast, is expected to enjoy a much longer coherent conjugation along the 




through a second strand of bonds emerged as an important method toward the 
development of materials with lower band gaps.3  
In 2006, Yamaguchi et al. demonstrated42 the use of noncovalent B←N 
coordination between a boryl-thienyl unit and an adjacent thiazole unit, which led to a 
partially coplanar molecule and a lower band gap. Since then, several examples of B←N 
bond promoted, stepladder-type conjugated small molecules, oligomers, and polymers 
have been reported.68,69,109,169,177-182 It is still a challenge, however, to achieve coplanarity 
of an entirely π-conjugated molecule with more than two aromatic units through B←N 
bonds. Recently, acceptor–donor–acceptor type conjugated ladder molecules featuring 
B–N bridging bonds were synthesizied.69 Analogous donor–acceptor–donor type 
coplanar molecules, however, have not been achieved yet due to significant deactivation 
of the nitrogen centers in the central acceptor unit. Herein, we report a new strategy of 
using B←N coordination to simultaneously achieve (1) coplanarity through the entire π-
backbones and (2) low lying LUMO levels in small donor–acceptor–donor molecules. 
By taking advantage of the dynamic nature of B←N coordination, rational control over 
the optical activities has been achieved by using competitive Lewis basic solvents. 
Furthermore, the electronic and optical properties of these molecules featuring dynamic 
bonds were studied in detail through a combination of experimental and theoretical tools. 
 
4.2   Molecular Design, Synthesis and Characterization 
The target model compounds 48 and 50 were designed such that the formation of 




but also strengthens the electron-withdrawing characteristics of the central electron-poor 
units. The combination of these two effects should lower the LUMO energy levels and 
band gaps significantly. In these systems, a pyrazine unit was selected as the central 
electron-accepting unit because it can donate two pairs of electrons in two directions in a 
central symmetric manner.180 On the other hand, flanking electron-donating thiophene or 
thienothiophene units were installed in 48 and 50, respectively. Because the two nitrogen 
atoms of the central ring are para- to one another, the mutual deactivation effect on their 
Lewis basicity was relatively weak.  
 
 
Figure 57. Synthesis of B←N bridged donor–acceptor–donor ladder-type 





The synthesis of 48 started with Negishi coupling between 2-octylthiophene and 
dibromopyrazine, which afforded the linear conjugated molecule 47 (Figure 57). The 
second step involved N-directed electrophilic aromatic substitution of the electron-rich 
thiophene with BBr3 (1.0 M solution in CH2Cl2).68,69 Owing to its strong Lewis acidity, 
BBr3 was first coordinated with the Lewis basic nitrogen atom on pyrazine. This process 
made the C3 position of the thiophene unit spatially favorable for the subsequent 
electrophilic aromatic substitution. In the presence of diisopropylamine, one-pot 
formation of two B←N coordination bonds and two C–B covalent bonds was 
accomplished to construct two stable five-membered rings in the product 48. These rings 
fused the two thiophene units and the central pyrazine unit together and confined the 
conformation of the entire π-system into a coplanar geometry. A similar strategy was 
adopted to synthesize thienothiophene-derived analogue 50, which possessed a further 
extended conjugation backbone with seven fused rings. By treating the precursor 49 with 
neat BBr3 as a stronger borylation reagent in the presence of an excess amount of 
diisopropylamine, 50 was formed and isolated in 53% yield. In either case, the electron-
rich nature of the thiophene or thienothiophene promoted the electrophilic substitution 
reaction in which two C–B covalent bonds and two B←N coordination bonds formed in 
one pot. 11B NMR spectra corroborated the chemical environment and the sp3 hybridized 
nature of the boron center:179,183-185 the lone pair donated from the nitrogen center shields 
the boron nuclei, leading to a significant downfield chemical shift on the spectra 






Figure 58. 11B NMR spectra of 48 (blue) and 50 (green) in CDCl3, and a 
background 11B NMR of D2O (orange). The broad signal between 25 pm and -20 
ppm is a result of glassy NMR probe containing boron. 
 
Compared to their precursors 47 and 49, the absorption spectra of 48 and 50 in 
CHCl3 (∼9.8 × 10–6 M) were dramatically red-shifted to the NIR region (Figure 59), 
corresponding to low optical band gaps of 1.59 and 1.34 eV, respectively. This drastic 
red shift can be attributed to planarization effects and the resulting positive overlap 
between frontier orbitals.157,186,187 50 demonstrated an even lower band gap on account 
of the extended conjugation and the more electron-rich nature of thienothiophene. Time-























transition and oscillator strength of individual molecules of both 2 and 4 (Figure 59). 
These computed transitions match well with the experimental spectra. Such good 
agreement can be attributed to the limited conformational variation in these rigid 
molecules, thanks to the strong bridging intramolecular B←N bonds. The low energy 
absorption bands at 700 nm for 48 and at 820 nm for 50 were attributed to the transition 
from HOMO to LUMO. The transitions from HOMO to LUMO+1 mainly contributed to 
the absorption below 450 nm with high intensities. The noticeable vibrational 
progressions presented in the spectra of 48 and 50 in chloroform, even for the low 




Figure 59. Solution phase UV–vis–NIR spectra and calculated oscillator strength 
[B3LYP/6-311G(d,p)] of 48 (top) and 50 (bottom), in comparison to their 




In addition, the thin film of 48 demonstrated an almost identical solid-state 
absorption spectrum compared to that in CHCl3 solution (Figure 60). This observation 
indicated that there was no significant conformational change from solution phase to 
solid state, further corroborating the coplanar and rigid backbone of this B←N ladder 
type molecule.31  
 
 
Figure 60. Normailzed UV-vis absorption spectra of 48 in chloroform (9.9×10-6 M) 
and in solid state. 
 
4.3   Dynamic Nature of B←N Coordination 
It is expected that the intrinsically dynamic B←N coordination189-191 should be 
controllable in the presence of certain external stimuli. For example, the addition of a 
Lewis base should weaken this bond by competing for the boron center, shifting the 
thermodynamic equilibrium toward a less planar conformation. As a result, the 




in a Lewis basic solvent, the B←N bond should be more labile and the molecular 
conformation should be less rigid, leading to a blue-shifted absorption spectrum, 
and vice versa. 
 
 
Figure 61. Charge transfer absorption of 48 (a) and 50 (b) in a variety of organic 
solvents and the correlation between optical band gaps of 48 (c) and 50 (d) with the 
Lewis basicities of organic solvents (enthalpies from complex formation with BF3). 
 
In this context, UV–vis–NIR spectra of 48 and 50 were examined in various 
solvents with varying Lewis basicity. However, it is well-known that solvation effects, 
such as dipole interaction192 and electronic polarization,193,194 can also affect the 
absorption and optical band gap. In order to minimize these solvation effects, organic 




constants range from 3.8 to 9.2).195 In general, the low energy absorption peaks were 
blue-shifted in Lewis basic solvents (Figure 61). The optical HOMO—LUMO band 
gaps measured in these solvents were plotted against the enthalpies from the complex 
formation between the solvent and BF3, which provides a measure of the Lewis basicity 
of the solvent.196 The band gap increased monotonically as the Lewis basicity increased 
(Figure 61), consistent with the weakening of the intramolecular B←N coordination 
bonds. Moreover, as the Lewis basicity increased, the vibrational progressions gradually 
disappeared because 48 and 50 were less rigid.  
 
 
Figure 62. Plots of optical bandgaps of 48 (bottom) and 50 (top) against dielectric 





Furthermore, to rule out the aforementioned solvation effects, the optical band 
gaps were also plotted against the dielectric constants of these solvents (Figure 62), 
showing no significant correlation.  
 
 
Figure 63. Chemical shift change of protons in the aromatic region of 48 in CD2Cl2 
and d8-THF against the temperature. 
 
To further characterize such Lewis acid–base competition with solvent molecules, 
variable-temperature NMR analysis of 48 was conducted in weak (CD2Cl2) and strong 
(d8-THF) Lewis basic solvents, respectively. In d8-THF, the resonance signal of the 
central pyrazine proton was found shifted downfield by 0.2 ppm while cooling down 
from 40 °C to −20 °C (Figure 63), as a result of the more favorable intramolecular 




temperature.115,197 In contrast, the chemical shift change in CD2Cl2 was only 0.06 ppm in 
this temperature range, because the weaker Lewis base CD2Cl2 exerted much weaker 
solvent competition. Thus, the employment of Lewis basic solvents provides the ability 
to control the optical band gaps of these dynamic B←N bridged molecules in the NIR 
region through competitive coordination interactions. 
 
4.4   Electronic Properties 
Be sure that all figures and tables fit within the document’s regular margins. 
Frontier orbital energy levels of molecules 1–4 were investigated by using a combination 
of experimental and theoretical techniques.  
 
 
Figure 64. Cyclic voltammetry of 47–50, 0.10 M TBAPF6 in CH3CN. (The 
comparison of reduction onsets and oxidation onsets for 48, 50 and their precursors 







Figure 65. Cyclic voltammetry of 48 and 50, 0.10 M TBAPF6 in CH2Cl2. 
 
Cyclic voltammetry traces (Figure 64) of 47–50 were recorded in solid state 
after drop-casting the solution of each compound on the working electrode145 in order to 
eliminate the impact induced by the Lewis basicity of the electrolyte solution and avoid 
possible decomposition in solution (Figure 65). Cyclic voltammetry traces 
of 48 and 50 showed irreversible reduction peaks around −0.4 V versus Fc/Fc+, which 
was about 1 V lower than their precursors 1 and 3, respectively. The oxidation onsets 
for 47–50 were all similar around 0.8 V versus Fc/Fc+. These values suggested that the 
B–N bond formation lowered the LUMO level but not the HOMO level, as expected. 
These experimental data were further corroborated by DFT computations (Figure 66). 
Compared to 47 and 49, both 48 and 50 exhibit dramatically decreased LUMO levels 




values from the electrochemical experiments. The coordination between boron and 
nitrogen significantly lowers the LUMO energy levels for 48 and 50, with no significant 
impact on the HOMO levels. As mentioned above, this represents an ideal approach to 
achieving a low band gap without increasing the HOMO level and reducing stability. 
 
 
Figure 66. HOMO, LUMO energy levels [experimental data and calculated values 
(in parentheses)], calculated molecular orbitals, and electrostatic potential map 
for 47–50 [B3LYP/6-311G(d,p)]. 
 
In order to understand how the B←N coordination bond impacts the electronic 
structure and optical activities of 48 and 50, HOMO, LUMO energy levels and 
transitions energies were computed for different molecular conformations by changing 




1 and Table 2). When the dihedral angles were larger than 40°, the distance between 
boron and nitrogen (3.15 Å) was too large to form B←N coordination bonds.42,159,198,199 
As a result, the LUMO energy levels were drastically lifted and the calculated band gaps 
for 48 and 50 and their precursors were increased. Meanwhile, the calculated HOMO—
LUMO optical transition was greatly blue-shifted. Furthermore, the distance between 
boron and nitrogen was manipulated to see the correlation between the coordination 
bond length and energy levels.  
 
Dihedral Angle (°) 0 10 20 30 40 50 
LUMO (eV) -4.064 -4.063 -4.058 -4.048 -2.663 -2.656 
HOMO (eV) -6.417 -6.417 -6.418 -6.421 -6.368 -6.523 
Bandgap (eV) 2.353 2.354 2.360 2.373 3.705 3.867 
HOMO—LUMO (eV) 1.8368 1.8371 1.8350 1.8352 3.0986 3.2175 
Table 1. Calculated energy levels and HOMO—LUMO transition energies of 48 at 
different dihedral angles [B3LYP/6-311g(d,p)]. 
 
Dihedral Angle (°) 0 10 20 30 40 50 
LUMO (eV) -4.019 -4.017 -4.011 -4.001 -2.622 -2.674 
HOMO (eV) -5.999 -6.001 -6.007 -6.019 -5.952 -6.085 
Bandgap (eV) 1.980 1.984 1.996 2.018 3.330 3.411 
HOMO->LUMO (eV) 1.5348 1.5364 1.5384 1.5434 2.7902 2.8252 
Table 2. Calculated energy levels and HOMO—LUMO transition energies of 50 at 




As the distance increased, the B←N coordination was weakened, leading to 
gradually increased LUMO energy levels and wider band gaps. The electrostatic 
potential maps for 47–50 were further computed. As shown in Figure 66, the 
electrostatic potential of the thiophene or thienothiophene units increased after the 
formation of B←N bonds, which is consistent with a depletion of electron density.182,200-
202 The observed upfield shifts of the 1H NMR chemical shifts of the protons of the 
thiophene or thienothiophene units also provide indirect evidence of this relative 
depletion of electron density.203 Additionally, the positive electrostatic potential on 
pyrazine also increased dramatically after the coordination event, which is again 
consistent with an increase in partial positive charge.  
             
Figure 67. Calculated LUMO+1 orbitals of 48 (left) and 50 (right) [B3LYP/6-
311g(d,p)]. 
 
According to the DFT computations, while the HOMOs remain delocalized 
throughout the molecules, the LUMOs of 48 and 50 were more localized on pyrazine 
compared to precursors 47 and 49. This result suggests that the LUMOs of 48 
and 50 mainly comprise the π* orbital of the positively charged pyrazine. Meanwhile, 
the LUMO+1 levels of 48 and 50 were still delocalized throughout the molecules, which 
can be assigned as the π* orbital of the entire conjugated systems (Figure 67). In other 




delocalized π (HOMO) and π* (LUMO+1) orbitals of the entire conjugated molecules. 
Overall, the comprehensive electron-withdrawing effect and the coordination behavior 
gave rise to the low-lying LUMO levels and the unchanged HOMO levels of 48 and 50. 
 
4.5   Conclusion 
In conclusion, an integrated strategy for creating low band gap coplanar organic 
materials was developed on the basis of intramolecular Lewis acid–base coordination. 
Facile synthesis of the model compounds was achieved through an N-directed borylation 
reaction on donor–acceptor–donor precursors. The low-lying LUMOs of the resulting 
small molecules lead to a band gap as low as 1.3 eV. More interestingly, on account of 
the dynamic nature of the Lewis acid–base coordination, the band gaps of these systems 
can be actively modulated by external competing reagents, such as Lewis basic solvents. 
With a low-lying LUMO and coplanar conformation achieved simultaneously, this work 
provides a promising model for the future design and development of low band gap n-
type materials. 
 
4.6   Experimental Section 
4.6.1   General Methods 
Starting materials and reagents were purchased from commercial sources and 
used as received. THF was dried using an IT pure solvent system and used without 
further treatment. 2-Octylthiophene204 and (5-dodecylthieno[3,2-b]thiophen-2-




All the reactions were performed under nitrogen and in dry solvents. 1H, 13C NMR 
spectra were recorded on a 300 or 500 MHz spectrometer, and 11B NMR were recorded 
on a 400 Hz spectrometer. Variable-temperature NMR spectra were recorded on 500 
MHz spectrometers. 1H and 13C chemical shifts were reported in ppm relative to the 
signals corresponding to the residual nondeuterated solvents (CDCl3: 1H 7.26 ppm, 13C 
77.23 ppm). 11B chemical shifts were reported in ppm relative to the signal of BF3·OEt2 
(0.00 ppm). High resolution electrospray ionization mass spectra data were obtained via 
ESI or MALDI mode with a TOF analyzer. UV–vis and UV–vis–NIR absorption 
sepectra were were performed in a 1.0 cm path-length cuvette, and the neat solvent was 
used as baseline. Cyclic voltammetry in the solid state and solution phase was carried 
out at room temperature in nitrogen-purged acetonitrile and dichloromethane 
respectively with a CHI voltammetric analyzer. TBAPF6 (0.1 M) was used as the 
supporting electrolyte. The conventional three-electrode configuration consists of an 
ITO (solid state)/glassy carbon (solution phase) working electrode, a platinum wire 
anxiliary electrode, and a Ag/AgCl electrode with ferrocenium/ferrocene as the standard. 
Cyclic voltammograms were obtained at a scan rate of 100 mV/s. 
 
4.6.2   Synthesis 
Compound 47: 2-Octylthiophene (864 mg, 4.40 mmol) was dissolved in 
anhydrous THF (4 mL) at −78 °C under nitrogen. BuLi (2.8 mL, 1.6 M in hexane) was 
added into the solution dropwise over 15 min. The mixture was stirred at −78 °C for 1 h. 




warmed up to room temperature slowly over 1 h. A suspension of 2,5-dibromopyrazine 
(476 mg, 2.00 mmol) and Pd(dppf)Cl2·CH2Cl2 (0.08 mmol, 65.4 mg) in THF (1.5 mL) 
was added into the reaction mixture. The resulting mixture was stirred at 50 °C overnight. 
After being cooled to room temperature, the reaction mixture was washed with 1 M HCl, 
and EtOAc was added to extract the product. The organic layer was washed with 1 M 
HCl and H2O (20 mL × 2). After drying with MgSO4, the organic solution was dried on 
a rotary evaporator. The product was further purified by column chromatography on 
SiO2 [Hexane/CH2Cl2 (2:1)]. The product was isolated as a yellow solid (490 mg, yield: 
52%). 1H NMR (CDCl3, 300 MHz, 25 °C): δ = 0.88 (t, J = 7.0 Hz, 6H), 1.40–1.25 (m, 
20H), 1.72 (m, J = 7.5 Hz, 4H), 2.85 (t, J = 7.5 Hz, 4H), 6.82 (d, J = 4.0 Hz, 2H), 7.46 
(d, J = 4 Hz, 2H), 8.77 (s, 2H). 13C NMR (CDCl3, 500 MHz, 25 °C): δ = 14.3, 22.6, 28.9, 
29.2, 29.4, 29.7, 31.6, 32.8, 105.2, 125.8, 138.9, 139.2, 146.0, 150.0. HRMS (MALDI-
TOF) m/z [M + H]+ Calcd for C28H41N2S2 469.2705; Found 469.2728. 
Compound 48: 47 (188 mg, 0.40 mmol) and i-Pr2NH (0.112 mL, 0.80 mmol) 
were dissolved in anhydrous CH2Cl2(2 mL) under nitrogen at 0 °C. BBr3 (2.4 mL, 1 M in 
CH2Cl2) was added into the solution dropwise. After the addition, the reaction mixture 
was warmed up to room temperature and stirred overnight. The organic solvent was 
removed under vacuum. The resulting blue solids were washed with H2O (10 mL × 2) 
and filtered. After drying, those solids were washed with hexane (10 mL × 3) and dried 
under vacuum to give the final product as a blue powder (207 mg, yield: 64%). 1H NMR 
(CDCl3, 500 MHz, 25 °C): δ = 0.89 (t, J = 6.9 Hz, 6H), 1.40–1.30 (m, 20H), 1.77 (m, J = 




MHz, 25 °C): −4.26. 13C NMR (CDCl3, 75 MHz, 25 °C): δ = 14.3, 22.9, 29.2, 29.3, 29.4, 
30.2, 31.4, 31.6, 127.0, 130.0, 134.9, 143.7, 163.5, 165.2. HRMS (ESI-TOF) m/z [M – 
H]− Calcd for C28H37B2Br4N2S2 806.9295; Found 806.9263. 
Compound 49: (5-Dodecylthieno[3,2-b]thiophen-2-yl)trimethylstannane (729 mg, 
1.55 mmol) and 2,5-dibromo-pyrazine (147 mg, 0.62 mmol) were dissolved in 
anhydrous xylene (5 mL). The solution was degassed, and Pd(PPh3)4 (89.3 mg, 0.077 
mmol) was added. The tube was sealed, and the mixture was stirred at 150 °C for 40 h. 
After the mixture cooled to room temperature, hexane was added. The dispension was 
filtered, and the solids were washed with hexane, MeOH, and acetone. After drying 
under vacuum, the product was isolated as a yellow solid (381 mg, yield: 91%). 1H 
NMR (CDCl3 and TFA-d, 500 MHz, 25 °C): δ = 0.88 (t, J = 7.0 Hz, 6H), 1.40–1.25 (m, 
20H), 1.75 (m, J = 7.5 Hz, 4H), 2.93 (t, J = 7.5 Hz, 4H), 7.05 (s, 2H), 8.08 (s, 2H), 9.02 
(s, 2H). 13C NMR (CDCl3 and d-TFA, 125 MHz, 25 °C): δ = 14.2, 23.0, 29.4, 29.5, 29.6, 
29.7, 29.8, 29.9, 31.4, 31.9, 117.1, 123.5, 132.3, 137.0, 140.0, 142.9, 145.4, 157.2. 
HRMS (ESI-TOF) m/z [M – H]− Calcd for C40H55N2S4 691.3248; Found 691.3288. 
Compound 50: 49 (67.7 mg, 0.10 mmol) and i-Pr2NH (0.15 mL, 1.27 mmol) 
were dissolved in anhydrous CH2Cl2 (5 mL) under nitrogen at 0 °C. BBr3 (0.5 mL) was 
added into the solution dropwise. After the addition, the reaction mixture was warmed 
up to room temperature and stirred overnight. The organic solvent was removed under 
vacuum. The resulting green solids were washed with H2O (10 mL × 2) and filtered. 
After drying, those solids were washed with hexane (10 mL × 3) and dried under 




(CDCl3, 500 MHz, 25 °C): δ = 0.89 (t, J = 6.9 Hz, 6H), 1.20–1.50 (m, 36H), 1.77 (m, J = 
7.2 Hz, 4H), 2.97 (t, J = 7.5 Hz, 4H), 7.12 (s, 2H), 8.84 (s, 2H). 11B NMR (CDCl3, 128 
MHz, 25 °C): −4.12. 13C NMR (CDCl3, 300 MHz, 25 °C): δ = 14.1, 22.7, 29.1, 29.1, 
29.2, 31.2, 31.4, 31.8, 117.4, 131.38, 134.6, 138.7, 144.0, 150.1, 158.6. HRMS (ESI-
TOF) m/z [M – H]− Calcd for C40H53B2Br4N2S41030.9970; Found 1031.0008. 
 
4.6.3   UV-vis-NIR Sepctra 
 
Figure 68. Normalized absorption spectra of Compound 48 (top, concentration: 
9.9×10-6 M) and Compound 50 (bottom, concentration: 9.7×10-6 M) in a series of 







4.6.4   NMR Spectra 








































Figure 73. 1H NMR spectra of (a) freshly prepared CDCl3 solution of 48; (b) CDCl3 












CHAPTER V  
EXTRAORDINARY REDOX ACTIVITIES IN LADDER-TYPE CONJUGATED 
MOLECULES ENABLED BY B←N COORDINATION-PROMOTED 
DELOCALIZATION AND HYPERCONJUGATION*  
 
5.1   Introduction 
Ladder-type conjugated molecules, constituted with an uninterrupted sequence of 
fused adjacent rings that share two or more atoms with one another, have shown great 
promise for applications on multiple fronts that demand superior optical, electronic, or 
mechanical properties.32,33,174,175,206-211 Stemming from the strong intramolecular 
electronic couplings throughout fused conjugated backbones, ladder-type conjugated 
compounds also demonstrate intriguing electrochemical behaviors, such as the capability 
of undergoing multiple electron transfers.206,212 The extended conjugation and rigid 
backbones can greatly stabilize the highly reactive radical and ionic intermediates that 
are generated during the redox processes. For instance, ladder-type oligothiophene 
exhibited stepwise oxidations.206,213 A recently reported series of ladder-type conjugated 
polycyclic hydrocarbons, featuring extensive graphitic constitutions, demonstrated four 
distinct reversible redox processes.214 In this context, ladder-type molecular design 
                                                
*Reprinted with permission from “Extraordinary Redox Activities in Ladder-Type 
Conjugated Molecules Enabled by BN Coordination-Promoted Delocalization and 
Hyperconjugation” Zhu, C.; Ji, X.; You, D.; Chen, T. L.; Mu, A. U.; Baker, K. P.; 
Klivansky, L. M.; Liu, Y.; Fang, L. J. Am. Chem. Soc., 2018, 140, 18173. Copyright 




represents an important strategy to achieve exotic molecular materials desirable for 
sophisticated electrochemical applications.212,215,216  
To date, redox-active ladder-type compounds are mostly fused with entirely 
covalent bonds.33,209,210 Alternatively, intramolecular noncovalent B←N 
coordination42,43,69,71 has been exploited to serve as a bridge to construct ladder-type 
conjugated molecules while imparting modification to the aromatic character.1,2 
Compared to the isoelectronic and isosteric C–C single bond, intramolecular B←N 
coordination in a conjugated molecule not only extends the π-delocalization but also 
dramatically changes the electronic structures, electronic and optical 
properties,42,43,65,70,71,73,75,176,179,217-221 and reactivities,222,223 because of the intrinsically 
different valence electron configurations and electronegativities of boron and nitrogen 
compared to carbon. For instance, the incorporation of B←N coordination into 
conjugated molecules deepens the lowest unoccupied molecular orbital (LUMO) energy 
levels, which facilitates reductive electron-transfer processes.69-71,74,179,221 Additionally, 
a boron atom can couple with a neighboring unpaired spin, providing additional 
stabilization effects for radical intermediates during redox processes.74,224-226 Therefore, 
the employment of B ← N coordination represents a powerful strategy to develop novel 
conjugated molecules and macromolecules with new redox properties that were not 
accessible before. 
Despite the great potential of this noncovalent approach, it is still challenging to 
achieve robust redox activities in B ← N bridged ladder-type molecules, especially 




resulting low stability of the corresponding oxidized states. Meanwhile, the underlying 
mechanism of the redox processes of B ← N bridged ladder-type molecules remains 
unclear, especially on the impacts of tetracoordinated boron centers on the electronic 
structures and optical characteristics of these molecules. Herein, we report a molecular 
design strategy that allowed for the access to five redox states, both reduced and 
oxidized, of B ← N bridged ladder-type molecules, as well as the corresponding 
mechanistic investigations. 
 
5.2   Molecular Design 
 
 
Figure 74.  (a) Designed ladder-type molecule featuring cruciform arrangement of 
redox-active units (reduction-active in blue and oxidation-active in red) and B ← N 
coordination that can rigidify and coplanarize the entire molecule; (b) 
representative orbital interactions of the boron center in the designed 
conjugated molecules. 
 
To pursue both robust reductive and oxidative electron-transfer processes in B ← 
N bridged ladder-type molecules, we envisioned that the molecular design should first 
integrate multiple redox-active components in an orthogonal and compact manner, so 




interfering with each other. Second, B ← N coordination needs to be installed to rigidify 
the π-system to facilitate the desired delocalization of charges and spins, therefore 
stabilizing the reduced or oxidized species. On the basis of these principles, we designed 
a ladder-type molecule composed of an oxidation-active indolo[3,2-b]carbazole (ICBZ) 
unit and two reduction-active benzo[d]thiazole (BTH) units (Figure 74). The ICBZ unit 
is covalently linked to the BTH units at the 6 and 12 positions, leading to a cruciform-
like geometry, generating two distinctive delocalization regions for oxidation and 
reduction, respectively. On one hand, ICBZ is known to undergo two-electron oxidation 
processes into a relatively stable quinonoid structure.227,228 The two N–H functionalities 
on ICBZ provided the point to covalently attach the boron centers.229-231 Indeed, B ← N 
bridged ladder-type ICBZ derivatives reported by Curiel et al.231 showed the expected 
reversible electrochemical oxidation behavior. In our design, tertiary butyl groups are 
installed at the 2 and 8 positions of ICBZ to ensure the solubility of this rigid compound. 
On the other hand, BTH was selected as the reduction-active unit.232 The Lewis basic 
nitrogen atoms on the thiazole rings were employed to form the B ← N coordination. 
The B ← N coordination in this molecular design was formed in a geometrically 
favored six-membered heterocycle architecture, which fused the ICBZ and BTH units 
into a ladder-type structure. The “N–B ← N” constitution was expected to be stable not 
only in ambient condition but also during redox processes, similar to the known stability 
of BODIPY dyes.233,234 The strong B ← N coordination significantly withdrew the 
electron density from BTH units, resulting in an enhanced electron 




accessible potential range. Moreover, this boron-containing six-membered heterocycle 
architecture reassembles the structure of cyclohexa-1,3-diene, in which a series of 
hyperconjugative interactions were previously observed to significantly impact the 
molecular conformation, properties, and stability.235,236 In this design, the sp3 hybridized 
boron atom carried two ligands that were expected to undergo hyperconjugative 
interactions similar to those existing in cyclohexa-1,3-diene (Figure 74b). We 
hypothesized that these hyperconjugative interactions could further stabilize the radical 
intermediates upon reduction/oxidation, by assisting the charge and spin delocalization. 
Consequently, the low-energy singly occupied molecular orbital (SOMO) to LUMO 
transition of these stabilized organic radicals could be utilized to achieve 
electrochromism in the near-infrared (NIR) region,237 which is highly desired for various 
applications including data storage, smart windows, and sensing.212,238-240  
 
5.3   Synthesis and Optical Properties 
On the basis of these design principles, two molecular candidates, BN-F and BN-
Ph, with fluoride and phenyl groups attached to the boron center as ligands, respectively, 
were synthesized. The syntheses were accomplished (Figure 57) in three steps starting 
from 2,8-di-tert-butyl-5,11-dihydroindolo[3,2-b]carbazole (compound 51). First of all, 
treatment of 51 with 2.0 equiv of N-bromosuccinimide (NBS) selectively brominated the 
6- and 12-positions to give a dibromo derivative, 52. Compound 52 was subsequently 
subjected to Stille coupling reaction with 2-(tributylstannyl)benzo[d]thiazole. CuI and 




intermediate 53. In this step, temperature control was crucial to achieve a high yield. 
Significant side reactions were found above 130 °C, which was likely a result of 
undesired copper-catalyzed reactions, such as Ullmann coupling.242 Finally, borylation 
of 53 with BF3 or BPh2Cl in the presence of non-nucleophilic bases afforded the desired 
products in excellent isolated yields (96% and 72%, respectively). Notably, the isolation 
yield of BN-Ph was significantly improved compared to a previously reported reaction 
using BPh3 to introduce B ← N coordinate bonds into a similar ICBZ backbone,231 likely 
due to the higher electrophilicity and smaller steric hindrance of BPh2Cl. BN-F and BN-
Ph showed good stabilities in ambient conditions. For example, BN-Ph was purified by 
normal-phase silica gel chromatography.  
 
 





Both final products were fully characterized by NMR spectroscopy and mass 
spectrometry. In addition, BN-Ph was characterized unambiguously by single-crystal X-
ray diffraction analysis. Single crystals of BN-Ph suitable for X-ray diffraction analysis 
were obtained by vapor diffusion of pentane into a chloroform solution. Tetrahedral 
geometry of the boron centers was revealed, with a short B ← N coordinate bond length 
of 1.643 Å. The anticipated rigid conformation of BN-Ph bridged by the B ← N 
coordination was validated in the solid-state crystal structure. The dihedral angles 
between ICBZ units and BTH units were measured to be 20.0° in BN-Ph, significantly 
smaller than that observed in the density functional theory (DFT) computed, energy-
minimized geometry of the precursor 53 (Figure 76). 
 
 
Figure 76. DFT calculation optimized geometry of compound 53. Methyl groups 
were used to replace t-butyl groups for the simplicity of calculation. Hydrogen 







Figure 77. Computed (a) HOMO, (b) LUMO of BN-F, and (c) HOMO, (d) LUMO 
of BN-Ph (isovalue = 0.03). Hydrogen atoms were omitted for clarity. 
 
DFT calculations on the π-conjugated backbone revealed extended π-
delocalization on BN-F and BN-Ph. The visualized highest occupied molecular orbitals 
(HOMOs) of both molecules were delocalized over the entire conjugated backbones with 
non-negligible contributions from the boron centers and the ligands (Figure 77). The 
majority of LUMOs were on the electron-deficient BTH units and the boron centers. 
Time-dependent DFT calculations afforded multiple optical transitions with significant 
intensities, including the lowest band gap HOMO → LUMO transitions, and the higher-
energy HOMO–1 → LUMO transitions. These transitions matched well with 
experimental spectra. Both BN-F and BN-Ph possessed low band gap NIR absorptions 




of BN-F in CH2Cl2 showed the low-energy HOMO → LUMO absorption peak at 695 
nm (ε = 1.17 × 104 M–1·cm–1) (Figure 78). For BN-Ph with phenyl ligands on the boron 
center, such HOMO → LUMO band red-shifted into the NIR region (λmax = 768 nm, ε = 
1.80 × 104 M–1·cm–1) (Figure 78).  
 
 
Figure 78. UV–vis–NIR absorption (solid lines) and emission (dashed lines) of 
(a) BN-F and (b) BN-Ph in CH2Cl2 with transition energies calculated by time-





The presence of vibrational progression in both spectra indicated the rigid nature 
of BN-F and BN-Ph.31,32 Fluorescence emission of BN-F and BN-Ph appeared in the 
NIR region with λmax at 720 and 812 nm in CH2Cl2, respectively (Figure 78). Small 
Stokes shifts (576 cm–1 for BN-F and 705 cm–1 for BN-Ph) also implied their backbone 
rigidity, due to the lack of energy loss associated with conformational changes during 
the excitation–emission processes. The fluorescence quantum yields of BN-F and BN-
Ph were measured using reference standards (zinc phthalocyanine for BN-F and 
indocyanine green for BN-Ph) to be 2.8% and 1.2% in CH2Cl2, respectively. 
 
5.4   Redox and Electrochromic Properties 
On the basis of the molecular design, BN-F and BN-Ph were expected to 
undergo multistage electron-transfer processes. Indeed, cyclic voltammograms (CVs) 
unveiled four well-separated, reversible electron-transfer processes in both BN-
F and BN-Ph (Figure 79a, b), indicating five accessible redox states for both 
compounds. The excellent reversibility of these processes indicated the high stability of 
all the states including radical anions (−1), dianions (−2), radical cations (+1), and 
dications (+2). The measured electrochemical band gaps of BN-F and BN-Ph (1.81 and 
1.62 eV, respectively) matched well with the optical band gaps (1.78 and 1.60 eV, 
respectively). Among these two voltammograms, the redox processes of BN-
Ph appeared cathodically shifted (Figure 79b) compared to those of BN-F, likely due to 




was more significant on the oxidation processes, leading to a narrower band gap of BN-
Ph than that of BN-F. 
 
Figure 79. CV curves of (a) BN-F, (b) BN-Ph, and (c) 53 in CH2Cl2 [0.10 M TBAPF6 
as the electrolyte; Ag/AgCl as the reference electrode; scan rate = 100 mV/s]. The 
half-wave potentials of each redox process were noted in (a) BN-F and (b) BN-Ph. 





All the anodic and cathodic peaks of BN-F and BN-Ph during both oxidation and 
reduction sweeps were well-separated, suggesting the good stabilities of the radical 
anion and radical cation intermediates toward disproportionation. For example, the 
potential gaps between the two reduction waves for both BN-F and BN-Ph were ∼0.3 V 
(Figure 79a, b). These values corresponded to large radical comproportionation 
constants of the reduced forms (Kcom-re) of 5.41 × 104 for BN-F and 1.74 × 105 for BN-
Ph at 25 °C (equilibrium 1 in Figure 79d), indicating a highly stable radical anion. On 
the oxidation side, the potential gaps between the two oxidative processes were even 
larger (0.45 V for BN-F and 0.51 V for BN-Ph), corresponding to remarkably high 
radical comproportionation constants (Kcom-ox) of 4.04 × 107 and 4.17 × 108 at 25 °C, 
respectively (equilibrium 2 in Figure 79d). Such high stabilities of the radicals were 
attributed to the strong spin-delocalization on the rigid backbones of BN-F and BN-
Ph as designed. In contrast, precursor 3 without B ← N coordination, as a control, 
showed overlapping two-electron oxidation processes (Figure 79c) and irreversible 
reduction processes. Such a drastic difference on the redox behaviors between BN-
F/BN-Ph and 53 demonstrated profound changes in the electronic structures after the 
installment of the B ← N coordination. These electrochemical data demonstrated the 
highly efficient stabilization effect of the B ← N coordination on the oxidized/reduced 







Figure 80. (a) Photographs of the BN-Ph solutions at different redox states in the 
presence of a honeycomb working electrode in a spectroelectrochemical cell (in 
CH2Cl2 with 0.10 M TBAPF6). UV–vis–NIR absorption changes of the BN-Ph 
solutions upon stepwise applications of potentials on the honeycomb working 
electrode (step height = 0.05 V, vs Ag/AgCl) from (b) +0.70 to +1.05 V, (c) +1.25 to 
+1.50 V, (e) −0.70 to −1.05 V, and (f) −1.05 to −1.35 V. Molecular frontier orbitals 
and calculated transition energies with oscillator strengths of (d) BN-Ph•+ and 
(g) BN-Ph•– [UB3LYP/6-311g(d,p) with CH2Cl2 CPCM solvation]. Multiple cycles 
of absorption changes of the BN-Ph solutions when the potential was switching 














































Table 3. Calculated transition energies [B3LYP/6-311g(d,p)] of BN-Ph!+ and BN-
Ph2+ based on the molecular geometries obtained at the level of B3LYP/6-311g(d,p). 
 
The excellent redox reversibility allowed spectroelectrochemical measurements 
on BN-Ph, i.e., UV–vis–NIR absorption spectra recorded during each of the 
electrochemical redox processes, which gave highly reversible multicolor 
electrochromism (Figure 80a). According to time-dependent DFT calculations, these 
drastic color changes were attributed to the substantial differences on the transition 




potential swept from 0.70 to 1.05 V (vs Ag/AgCl), BN-Ph was gradually oxidized into 
the radical cation form BN-Ph•+. During this process, the HOMO→LUMO transition of 
the neutral BN-Ph at 768 nm diminished, while a new NIR absorption at 1180 nm 
emerged (Figure 80b). This low-energy absorption band corresponded to the transition 
of HOMO-β → LUMO-β of the delocalized radical cation (Figure 80d), according to 
DFT calculation. On the basis of the cutoff shape of this NIR absorption peak, BN-
Ph•+ can be categorized as a class III mixed valence system,243 in which the two 
nitrogen-centered redox moieties in ICBZ were strongly coupled with one another. The 
absorption spectra exhibited no significant change from 1.05 to 1.25 V, indicating the 
good stability of BN-Ph•+ over a wide range of potentials. When BN-Ph•+ was oxidized 
into the dication form BN-Ph2+ by increasing the potential from 1.30 to 1.50 V, the 
characteristic radical cation absorption peak at 1180 nm gradually diminished, while 
multiple absorption bands covering a broad visible light region emerged (Figure 80c). 
To test the reversibility of these oxidation processes, iterative potential sweepings were 
conducted between +0.20, +1.10, and +1.50 V for >15 cycles (Figure 80h). Excellent 
reversibility was demonstrated without notable degradation of the absorption intensity 
(monitored at 470 nm). 
Similarly, the radical anion and dianion of BN-Ph were investigated by 
spectroelectrochemistry study. Upon the application of a negative potential of −0.75 
V, BN-Ph started to be reduced as the absorption intensity at 768 nm decreased (Figure 
80e) while a highly intensive peak at 677 nm and a weak absorption peak at ∼940 nm 




β → LUMO-β of radical anion BN-Ph•– (Figure 80g). The Gaussian shape of this low 
energy peak indicated that BN-Ph•– was a class II mixed valence system, in which the 
two reduced BTH moieties were coupled in a weaker manner.243,244   
 









































Table 4. Calculated transition energies [B3LYP/6-311g(d,p)] of BN-Ph!− and BN-
Ph2− based on the molecular geometries obtained at the level of B3LYP/6-311g(d,p). 
 
Further decrease of the potential from −1.05 to −1.35 V resulted in the second 




peaks in the long-wavelength region and the emerging of a higher-energy peak centered 
at 544 nm as the new HOMO → LUMO transition (Figure 80f). Again, excellent 
reversibility of the reduction processes was confirmed by monitoring the absorption 
intensity at 680 nm while sweeping the potential iteratively between −0.30, −1.05, and 
−1.40 V (Figure 80i) for >15 cycles.  
 
 
Figure 81. (a) Photographs of the honeycomb electrode in CH2Cl2 with 0.10 M 
TBAPF6 as the electrolyte for different redox states of BN-F. UV-vis absorption 
changes of BN-F in CH2Cl2 upon stepwise application of potentials from (b) +1000 
mV to +1400 mV (step heigh: 100 mV), (c) +1500 mV to +2200 mV (step heigh: 100 
mV), (d) −550 mV to −750 mV (step heigh: 50 mV) and (e) −750 mV to −1300 mV 




Spectroelectrochemical measurements were also conducted in a CH2Cl2 solution 
of BN-F, which showed a similar reversible multistage electrochromism over a wide 
range of electric potentials (Figure 81). 
 
5.5   Mechanistic Investigation 
 
 
Figure 82. (a) The redox-active core structure of BN-Ph labeled with bond indices 
from a to q; (b) DFT calculated lengths of the bonds a–g before and after oxidation; 
(c) DFT calculated lengths of the bonds e and h–o before and after reduction 
[B3LYP/6-311g(d,p)]; (d) calculated HOMA and NICS(1)zz values for the central 
ring “A” of BN-Ph in different redox states. 
 
To shed light on the mechanism of these remarkable redox and electrochromic 




geometry optimization [B3LYP/6-311g(d,p)] for all five redox states of BN-Ph in the 
gas phase. At the neutral state of BN-Ph, the lengths of bonds c, d, and e in the central 
ring “A” (1.412–1.427 Å) were close to that in a benzene ring (Figure 82a). Upon 
oxidation into the radical cation BN-Ph•+, DFT calculation showed that the bond length 
alternation (BLA) between these three bonds increased, indicating a decrease of 
aromaticity. The BLA increased further in the diradical form BN-Ph2+ (Figure 82b), so 
that bonds cand e were elongated to 1.451 and 1.438 Å, respectively, while bond d was 
shortened to 1.388 Å, close to the length of a typical C═C double bond. Additionally, 
the C–N bonds b and f were shortened from 1.366 Å in BN-Ph to 1.330 Å in BN-Ph2+. 
This computational study revealed a tendency toward the quinonoid character of the 
ICBZ unit after oxidation (Figure 83).  
 
 
Figure 83. Constitutional structures of the five different redox states of BN-Ph. 
 
In contrast, optimized geometries of the reduced forms exhibited that a different 
quinonoid structure was formed in between the two BTH units involving bonds j, k, l, e, 
and m (Figure 82c). In this case, bonds j, l, and m were shortened, accompanied by 
increased lengths of bonds e and k, during the transformation into BN-Ph•– and BN-Ph2–. 
These computational results suggested that, in the B ← N bridged molecule, two 




quinonoid constitutions during the oxidation and reduction (Figure 83), respectively, 
contributing to the excellent stability in all the oxidized and reduced forms of BN-Ph. 
Considering the noncovalent nature of B ← N coordinate bonds, the molecular 
geometries were also optimized at the level of B3LYP/TZVP with D3 version of 
Grimme’s dispersion correction, which revealed similar structural transformations 
(Figure 85). Similar BLA changes and structural transformations were also observed in 
the optimized molecular geometries for different redox states of BN-F. In addition, the 
aromaticity of ring “A” was calculated using the harmonic oscillator model of 
aromaticity (HOMA) and the nucleus-independent chemical shift (NICS) values (Figure 
83d).245-247 Both calculations confirmed a strong aromaticity of ring “A” in the neutral 
state and decreased aromaticity upon oxidation or reduction. 
 
 
Figure 84. (a) DFT calculated lengths of the bonds a~g in BN-Ph before and after 
oxidation; (b) DFT calculated lengths of the bonds e and h~o in BN-Ph before and 
after reduction (B3LYP/TZVP with D3 version of Grimme’s dispersion correction). 







Figure 85. Single-crystal X-ray structures of (a) BN-Ph, (b) BN-Ph•+SbCl6–, and 
(c) BN-Ph2–[CoCp*2+]2 and bond lengths of the area around the central ring “A”. 
Hydrogen atoms and solvent molecules were omitted for clarity. Thermal ellipsoids 
are scaled to the 50% probability level. 
 
To validate these DFT computational results, the bond lengths and molecular 
geometries were examined by using experimental data from single-crystal X-ray 
diffraction of the neutral BN-Ph, the radical cation salt BN-Ph•+SbCl6–, and the dianion 
salt BN-Ph2–[CoCp*2+]2 (Figure 85). The radical cation was chemically accessed by 
one-electron oxidation of BN-Ph with 1.2 equiv of tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate (Magic Blue) in a CH2Cl2 solution. The single crystals suitable 
for X-ray diffraction were grown by slow vapor diffusion of pentane into a 
CH2Cl2 solution of BN-Ph•+SbCl6–. The dianion, on the other hand, was chemically 
prepared after two-electron reduction of BN-Ph by the addition of 3.0 equiv of 




solution of BN-Ph2– in acetonitrile yielded single crystals suitable for X-ray diffraction 
analysis. Bond lengths measured from the single-crystal structures of BN-Ph, BN-
Ph•+SbCl6–, and BN-Ph2–[CoCp*2+]2 matched well with the DFT calculated bond 
lengths, further confirming the mechanism of the orthogonal quinonoid transformations 
upon oxidation and reduction, respectively. The average difference between the bond 
lengths calculated at the level of B3LYP/6-311g(d,p) and experimentally measured bond 
lengths was only 0.010 Å. Such an average difference obtained from calculation at the 
level of B3LYP/TZVP with D3 version of Grimme’s dispersion correction was also 
∼0.010 Å, suggesting highly reliable computation results. The only exception was 
bond d, which was longer in the neutral state (1.444 Å) from the experimental result than 
that from the calculation, likely because of the steric strain between ICBZ and BTH units. 
In both BN-Ph•+ and BN-Ph2–, the B ← N coordinate bonds retained their strength so 
that the rigid backbone scaffolds were maintained. In fact, the B ← N coordinate bond 
was even shorter in BN-Ph2– (1.619 Å) as a result of the stronger Lewis basicity of the 
nitrogen center on BTH after reduction. Moreover, the backbone of BN-Ph2– was more 
coplanar compared to that of BN-Ph (dihedral angles between ICBZ and BTH units 
reduced to 6.3°), due to an enhanced double-bond character of bonds j and m. 
Additional characterizations were performed on the reduced and oxidized states 
of BN-Ph in order to further understand their electronic structures during the redox 
processes. Electron paramagnetic resonance (EPR) spectroscopy of the BN-Ph•+SbCl6–
 solution showed a broad resonance signal (Figure 86a). The spin concentration (7.8 × 




formation of an organic monoradical (S= 1/2) on each molecule, indicative of a high 
conversion from BN-Ph to BN-Ph•+. The lack of hyperfine splitting in the EPR spectrum 
was attributed to the delocalized spin that experienced multiple couplings with a number 
of nuclei in this molecule,224 in accordance with DFT computed substantial 
delocalization of the unpaired spin density (Figure 86b and Figure 87). The reduced 




Figure 86. EPR spectra of (a) BN-Ph•+ in CH2Cl2 (0.13 mM) and (c) BN-Ph•– in 
acetonitrile (0.03 mM) at 288 K. DFT computed spin density maps (isovalue = 
0.0008) of (b) BN-Ph•+ and (d) BN-Ph•–[UB3LYP/6-311g++(d,p)]. 
 
Overall, experimental investigations together with computational studies clearly 
revealed the underlying mechanism of the unique redox processes of ladder-type BN-




benzenoid structure into two types of quinonoid structures upon oxidation and reduction, 
respectively. The oxidation-active moiety and reduction-active moiety were orthogonally 
compacted into a single molecular scaffold, giving rise to the reversible multistage redox 
processes. In addition, B ← N coordination promoted the rigid ladder-type structure in 
which separated redox centers were strongly coupled with each other, and the unpaired 
electron of radicals was stabilized by extensive delocalization. 
 
 
Figure 87. Calculated isotropic Fermi coupling constants of (a) BN-F!+, (b) BN-F!−, 
(c) BN-Ph!+, (d) BN-Ph!−. 
 
5.6   Hyperconjugation 
In BN-Ph and BN-F, the boron centers stabilized the redox states through a 




and modulating electron densities. It was also hypothesized that the boron-ligand 
moieties impacted the electronic structures of these molecules through hyperconjugation 
similar to that existing in cyclohexa-1,3-diene (Figure 74b), providing additional 
stabilization effects. According to the crystal structures of BN-Ph, BN-Ph•+, and BN-
Ph2–, the two phenyl ligands on the boron center adopted different bonding orientations: 
one of the B–C σ-bonds was almost perpendicular to the conjugated backbone (denoted 
as the “axial” bond), while the other one was almost in the plane of the backbone 
(denoted as the “equatorial” bond). Such an unsymmetrical geometry of the boron ligand 
(B—L, L = Ph or F) bonds was also predicted by DFT optimized structures of both BN-
Ph and BN-F. The nonequivalent bonding orientations suggested hyperconjugative 
interactions between the axial bonds and the conjugated backbone in these ladder-type 
molecules. To unveil the hyperconjugations of these axial B−L σ/σ* orbitals, natural 
bond orbital (NBO) analysis was performed on BN-Ph, BN-F, and their dianionic and 
dicationic forms.236,248 The strengths of these interactions can be correlated with second-
order perturbation energies [E(2)] computed from NBO analysis.249,250 In the neutral state 
of BN-Ph, a hyperconjugative donor–acceptor interaction [E(2) = 4.18 kcal/mol] was 
identified from the lone pair [lp(N)] on the ICBZ unit to the antibonding [σ*(B–C)] 
orbital on the axial position (Figure 88a).249 After the two-electron oxidation, the 
quinonoid ICBZ unit of BN-Ph2+ lost the lone pair on the nitrogen center and had a 
lower electron density. Despite a weaker electron-donating ability, the π(C–N) orbital of 
the quinonoid ICBZ still interacted hyperconjugatively [E(2) = 2.05 kcal/mol] with the 




interaction [E(2) = 2.70 kcal/mol] was observed from the σ(B–C) orbital to the π*(C–N) 
orbital of the electron-deficient, quinonoid ICBZ unit (Figure 88c), reinforcing the 
hyperconjugative stabilization effect by diluting the positive charges on the dicationic 
backbone of BN-Ph2+. In the reduced form of dianionic BN-Ph2-, the NBO analysis 
showed that the σ*(B–C) orbital also served as an acceptor to stabilize the negative 
charges on the reduced BTH units. In BN-Ph2-, bonds p and q (Figure 82a) possessed a 
partial double-bond character (1.387 Å in the crystal structure) so that their π orbitals 
participated in a hyperconjugation [E(2) = 3.27 kcal/mol] with the σ*(B–C) orbital 
(Figure 88d). In this case, the hyperconjugation further delocalized the negative charges 
and, therefore, enhanced the stability of the highly charged dianion. In BN-F with the 
fluoride ligands, NBO analysis at different redox states demonstrated similar but even 
stronger hyperconjugative interactions between the axial σ*(B–F) orbital and the 
conjugated backbone, as a result of the high electronegativity of fluorine atoms (Figure 
88e–h). In the optimized structure of BN-F, the axial σ*(B–F) orbitals withdrew the 
electron density through hyperconjugation [E(2) = 7.36 kcal/mol] from the electron lone 
pair of the nitrogen atom on the ICBZ unit (Figure 88e). Meanwhile, another donor–
acceptor interaction of 2.84 kcal/mol was found in BN-F between the π(C–N) bond in 
the BTH unit and the axial σ*(B–F) orbital (Figure 88f). Therefore, these profound 
hyperconjugative effects in BN-F, together with the inductive effect from fluorine atoms, 






Figure 88. NBO plots of hyperconjugative interactions in different redox states 
of BN-Ph (a, b, c, d) and BN-F (e, f, g, h). 
 
According to DFT calculation, these hyperconjugative interactions were also 
present in the paramagnetic radical cations and radical anions. Isotropic Fermi couplings 
of the axial ligands with the already delocalized spin were much higher than those of the 
equatorial ligands, indicating strong interactions between the axial bond with the 
backbone through hyperconjugation. Overall, the hyperconjugative stabilization effect 
further assisted the desirable charge and spin delocalization during the redox processes. 
Meanwhile, such orbital interactions provided an additional mechanism to impact the 
electronic structures and properties of the entire ladder-type molecules. 
 
5.7   Conclusion 
In conclusion, we demonstrated herein a molecular design strategy to achieve 




ladder-type molecules bridged with B ← N coordination. The structural transformations 
from a benzenoid constitution into two distinct types of quinonoid constitutions during 
both reduction and oxidation processes were elucidated, giving a clear mechanistic 
picture of these robust multistage electron-transfer processes. Combined theoretical and 
experimental investigations demonstrated that the B ← N coordination played a pivotal 
role in rendering the remarkable redox properties of these molecules by extending the 
charge and spin delocalization and by enforcing the rigid conformation. We 
systematically established a hyperconjugation mechanism that impacted the electronic 
structures and further stabilized the different redox states. These results advanced 
fundamental knowledge of sp3 boron-containing π-systems, providing practical design 
principles for the development of p-block element-derived molecules and 
macromolecules with exotic optical, electronic, and spin properties, such as fully fused 
ladder polymers bridged by these B ← N coordinate bonds. 
 
5.8   Experimental Section 
5.8.1   General Methods 
Starting materials and reagents were purchased from Sigma Aldrich, Acros 
Organics, Alfa Aesar or Oakwood and used as received. Anhydrous CH2Cl2 and pentane 
were purchased from EMD Milipore and used without further purification. THF was 
dried and distilled under nitrogen from sodium using benzophenone as the indicator. 
Diethyl ether was dried and distilled under nitrogen from sodium-potassium alloy using 




CaH2. Diethyl ether and acetonitrile were degassed by three cycles of freeze-pump-thaw 
before use. Toluene was dried using an IT pure solvent system (PureSolv-MD-5) and 
used without further treatment. Chlorodiphenylborane was synthesized according to a 
reported literature procedure. 1H and 13C NMR spectra were recorded on Varian Inova 
500 MHz spectrometers. The NMR chemical shifts were reported in ppm relative to the 
signals corresponding to the residual non-deuterated solvents (CDCl3: 1H 7.26 ppm, 13C 
77.16 ppm; CD3CN: 1H 1.94 ppm) or the internal standard (tetramethylsilane: 1H 0.00 
ppm). Abbreviations for reported signal multiplicities are as follows: s, singlet; d, 
doublet; t, triplet; q, quartet; m, multiplet; br, broad. The broad singlet at ~1.55 ppm on 
1H NMR spectra represents the resonance signal of H2O in CDCl3. High resolution 
electrospray ionization (ESI) mass spectra were recorded on Applied Biosystems PE 
SCIEX QSTAR. Column chromatography was carried out using Biotage® IsoleraTM 
Prime instrument with various size of SiO2 Biotage ZIP® cartridge. UV-vis absorption 
spectra were recorded on a Shimadzu UV-2600 Spectrophotometer. Absorption spectra 
data shown in Table 1 and Figure 5 were obtained from the measurement of diluted 
dichloromethane solutions (around 1×10-5 mol/L). Emission spectra data shown in Table 
1 were obtained from the measurement of diluted dichloromethane solutions (~1.0×10-6 
mol/L). Spectroelectrochemical measurements were conducted with a Shimadzu 
UV3600 UV−vis-NIR spectrophotometer and a 273A potentiostat (Princeton Applied 
Research). The measurement was carried out in a honeycomb spectroelectrochemical 
cell (Pine Research Instrumentation, Inc.) composed of a quartz UV-vis cell (path length 




paramagnetic resonance spectra were recorded in a continuous wave X-band EleXsys 
EPR spectrometer at 288 K. Cyclic voltammetry was carried out at room temperature in 
nitrogen-purged CH2Cl2 with a CHI voltammetric analyzer. Tetrabutylammonium 
hexafluorophosphate (0.1 M in acetonitrile) was used as the supporting electrolyte. The 
conventional three-electrode configuration consisted of a glassy carbon working 
electrode, a platinum wire anxiliary electrode, and a Ag/AgCl electrode. Cyclic 
voltammograms were obtained at a scan rate of 100 mV/s. The energy levels were 
calculated using ferrocene/ferrocenium (Fc/Fc+) as the standard reference. Fc/Fc+  vs 
Ag/AgCl = 0.45 V. 
 
5.8.2   Synthesis 
Compound 51: (4-tert-Butylphenyl)hydrazine monohydrochloride (4.40 g, 21.92 
mmol) was suspended in ethanol (32 mL) at room temperature. A solution of sodium 
acetate (5.39 g, 65.76 mmol) in water (16 mL) was added. The mixture was stirred at 
room temperature of 15 minutes. To this mixture, a solution of cyclohexane-1,4-dione 
(1.23 g, 10.96 mmol) in ethanol (10 mL) was added dropwise over 5 minutes. After the 
addition, acetic acid (8 mL) was added in one portion. The mixture was stirred for 1 hour 
at 50 °C and 1 hour at 0 °C. Subseuqently, the reaction mixture was filtered to yield a 
pale yellow solid. The solid was collected and further dried under vacuum for 2 hours, 
before it was added portionwise over 10 minutes to a mixture of acetic acid (12 mL) and 
sulfuric acid (98%, 3 mL) at 10 °C. The mixture was warmed up to room temperature 




and maintained for 30 minutes. Subsequently, the mixture was cooled down to room 
temperature and poured into water (100 mL) at 0 °C. The resulting precipitate was 
filtered and washed extensively with methanol to give the pure product as a gray solid 
(810 mg, 19%). In addition, the methanol filtrate was concentrated under reduced 
pressure. The residue was purified through column chromatography (SiO2, hexane/ethyl 
acetate 4:1) to give additional product as a gray solid (91 mg, 3%). The combined yield 
of 51 was 22%. 1H NMR (500 MHz, CDCl3) δ = 8.12 (d, J = 1.5 Hz, 2H), 8.04 (s, 2H), 
7.50 (dd, J = 8.5 Hz, 2.0 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 1.46 (s, 18H), the signals of 
NH protons were not observed; 13C NMR (125 MHz, CDCl3) δ = 142.10, 139.25, 135.93, 
126.65, 124.00, 116.47, 114.94, 110.14, 100.68, 34.91, 32.27. ESI-MS: m/z [M+H]+ 
Calcd for C26H29N2 369.2331; Found 369.2290. 
Compound 52: Compound 51 (921 mg, 2.5 mmol) was dissolved in anhydrous 
THF (30 mL) at 0 °C. To this mixture, a freshly prepared solution of NBS (445 mg, 2.5 
mmol) in THF (15 mL) was added dropwise. The mixture was stirred at 0 °C for 10 
minutes. Subsequently, another freshly prepared solution of NBS (445 mg, 2.5 mmol) in 
THF (15 mL) was added dropwise. The mixture was warmed up slowly and stirred at 
room temperature overnight. The solvent was removed under reduced pressure. The 
residue was dissolved in CH2Cl2. The organic solution was washed by water twice and 
dried with MgSO4. The crude product was purified through column chromatography 
(SiO2, hexane/ethyl acetate 19:1 to 7:1), to give 52 as a pale yellow crystalline solid 
(1.025 g, 78%). 1H NMR (500 MHz, CDCl3) δ = 8.80 (d, J = 2.0 Hz, 2H), 8.22 (s, 2H), 




MHz, CDCl3) δ = 142.72, 138.74, 135.20, 125.12, 123.50, 121.36, 118.64, 110.36, 96.21, 
35.03, 32.17. ESI-MS: m/z [M−H]− Calcd for C26H25N2Br2 525.0364; Found 525.0366. 
Compound 53: Compound 52 (105.0 mg, 0.20 mmol) and 2-
(tributylstannyl)benzo[d]thiazole (340.0 mg, 0.80 mmol) were added into toluene (6 mL). 
The suspension was degassed by three cycles of freeze-pump-thaw before Pd(PPh3) 4 
(23.2 mg, 0.020 mmol), CuI (7.6 mg, 0.040 mmol) and CsF (304.0 mg, 2.0 mmol) were 
added under N2. The reaction mixture was stirred at 105 °C for 48 hours. After cooling 
to room temperature, the mixture was extracted with CH2Cl2 and washed with 1M HCl 
once, brine twice, water once and dried with MgSO4. The crude product was purified 
through column chromatography (SiO2, hexane/CH2Cl2 1:1 to 1:9) to give 53 as an 
orange solid (96.2 mg, 76%). 1H NMR (500 MHz, CDCl3) δ = 9.73 (s, 2H), 8.34 ~ 8.33 
(m, 4H), 8.05 (d, J = 8.0 Hz, 2H), 7.65 (td, J = 7.8 Hz, 1.0 Hz, 2H), 7.54 (td, J = 7.8 Hz, 
1.0 Hz, 2H), 7.49 (dd, J = 8.5 Hz, 1.5 Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H), 1.30 (s, 18H). 
13C NMR (125 MHz, CDCl3) δ = 164.63, 153.64, 141.91, 139.56, 135.77, 135.74, 
126.75, 125.93, 125.09, 123.65, 121.88, 121.69, 121.11, 120.02, 111.81, 110.66, 34.98, 
32.08. ESI-MS: m/z [M+H]+ Calcd for C40H35N4S2 635.2303; Found 635.2282. 
BN-F: Compound 53 (95.1 mg, 0.15 mmol) was added into a thick-wall reaction 
vessel equipped with a PTFE cap. The reaction vessel was transferred into a N2-filled 
glovebox, where anhydrous toluene (10 mL), triethylamine (0.3 mL) and BF3 OEt2 
(0.45 mL, 3.6 mmol) were added. The vessel was taken out from the glovebox with the 
cap firmly closed. The reaction mixture was stirred at 85 °C for 48 hours. After cooling 




dropwise. The resulting precipitates were filtered and washed with water and methanol 
to afford BN-F as a dark purple solid (105.2 mg, 96%). 1H NMR (500 MHz, CDCl3) δ = 
9.11 (d, J = 1.5 Hz, 2H), 8.80 (d, J = 8.5 Hz, 2H), 8.12 (d, J = 8.5 Hz, 2H), 8.08 (d, J = 
8.5 Hz, 2H), 7.83 (td, J = 8.0, 1.5 Hz, 2H), 7.77 (dd, J = 8.5 Hz, 1.5 Hz, 2H), 7.70 (td, J 
= 8.0, 1.5 Hz, 2H). The resonance peak of t-butyl groups overlapped with the peak of 
H2O in CDCl3. 13C NMR was not obtained for BN-F, due to its very limited solubility. 
MALDI-MS: m/z [M−F]+ Calcd for C40H32B2F3N4S2 711.221, Found 711.304; [M+Na]+ 
Calcd for C40H32B2F3N4S2Na 753.209, Found 753.304; [M+K]+ Calcd for 
C40H32B2F4N4S2K 769.183, Found 769.294.  
BN-Ph: Compound 53 (44.4 mg, 0.07 mmol) was added into a thick-wall 
reaction vessel equipped with a PTFE cap. The reaction vessel was transferred into a N2-
filled glovebox, where anhydrous toluene (5 mL), diisopropylethylamine (0.3 mL) and 
BPh2Cl (281 mg, 1.4 mmol) were added. The vessel was taken out from the glovebox 
with the cap firmly closed.The reaction mixture was stirred at 135 °C for 48 hours. After 
cooling to room temperature, toluene was removed under reduced pressure. The 
resulting mixture was extracted with CH2Cl2 and washed with 1M HCl once, brine twice, 
water once and dried with MgSO4. Purification through column chromatography (SiO2, 
hexane/CH2Cl2 9:1 to 1:9) gave the crude product, which was further purified by 
preparative size exclusion chromatography using chloroform as the eluent. The final 
product, BN-Ph, was isolated as a purple solid (48.5 mg, 72%). 1H NMR (500 MHz, 
CD2Cl2) δ = 8.93 (d, J = 2.0 Hz, 2H), 7.98 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 9.0 Hz, 2H), 




2H), 7.23 ~ 7.21 (m, 12H), 6.66 (d, J = 9.0 Hz, 2H), 1.42 (s, 18H). 13C NMR (125 MHz, 
CDCl3) δ = 165.62, 146.26, 145.06, 140.84, 140.63, 133.97, 130.95, 127.99, 127.63, 
127.01, 126.40, 125.53, 123.07, 121.90, 121.57, 119.87, 119.39, 115.16, 111.03, 35.15, 
32.18. The resonance signals for carbon atoms that covalently bonded to boron atoms 
were not observed due to the quadrupolar nature of boron. ESI-MS: m/z [M+H]+ Calcd 
for C64H53B2N4S2 963.3898; Found 963.3930.  
 
5.8.3   Redox Reactions 
All the reactions were performed in a N2 filled glovebox. 
BN-Ph!+ SbCl6−: To a solution of BN-Ph (1.2 mg, 1.3 µmol) in CH2Cl2 (1 mL), 
tris(4-bromophenyl)-ammoniumyl hexachloroantimonate (1.3 mg, 1.6 µmol) was added. 
The resulting mixture was stirred at room temperature for 3 hours. The solution was 
filtered using a syringe filter and used for EPR analysis. The filtered solution was further 
transferred into a 2 mL vial. This small vial was put into a 20 mL vial filled with pentane 
for crystal growth. After 3 days, dark brown crystals suitable for X-ray single crystal 
analysis were formed. 
BN-Ph!− CoCp2+: To a suspension of BN-Ph (0.7 mg, 0.8 µmol) in CH3CN (1 
mL), cobaltocene (CoCp2) (0.2 mg, 1.1 µmol) was added. The mixture turned green 
within one hour and was stirred overnight. Some green precipitates were observed. The 
mixture was filtered using a syringe filter and used for EPR analysis. 
BN-Ph2− [CoCp*2+]2: To a suspension of BN-Ph (1.2 mg, 1.3 µmol) in CH3CN 




turned green within several minutes and further turned red after stirring overnight. The 
mixture was filtered using a syringe filter. transferred into a 2 mL vial. This small vial 
was put into a 20 mL vial filled with diethyl ether for crystal growth. After 3 days, dark 
red crystals suitable for X-ray single crystal analysis were formed. A same experiment 
was also performed in CD3CN for NMR analysis. Sharp resonance signals on the 1H 
NMR spectrum revealed the diamagnetic nature of this dianionic species, consistent with 
the quinonoid character of BN-Ph2− suggested by the single crystal X-ray analysis and 
DFT calculation. 
BN-F!+ SbCl6−: To a solution of BN-F (1.1 mg, 1.5 µmol) in CH2Cl2 (2 mL), 
tris(4-bromophenyl)-ammoniumyl hexachloroantimonate (2.5 mg, 3.0 µmol) was added. 
The resulting mixture was stirred at room temperature overnight. The solution was 
filtered using a syringe filter and used for EPR analysis. 
BN-F!− CoCp2+: To a suspension of BN-F (2.0 mg, 2.7 µmol) in CH2Cl2 (3 mL), 
cobaltocene (CoCp2) (0.8 mg, 4.0 µmol) was added. The mixture turned blue within one 
hour and was stirred overnight. Some blue precipitates were observed. The mixture was 










5.8.4   NMR Spectra 
 
 
































































































Figure 96. 1H-1H COSY NMR (500 MHz in CD3CN) of BN-Ph2− at 295 K. 
 
 
5.8.5   DFT Calculation 
The structures of 3, BN-F, BN-F2+, BN-F2−, BN-Ph, BN-Ph2+ and BN-Ph2− were 
optimized at the level of B3LYP/6-311g(d,p). The structures of radical species, BN-F!+, 
BN-F!−, BN-Ph!+ and BN-Ph!− were optimized at the level of UB3LYP/6-311g(d,p). 




performed for the computation of molecular orbitals, spin density maps, isotropic Fermi 
coupling constants and NBO analysis. Based on the optimized structures, transition 
energies were calculated by Time-Dependent DFT at the level of B3LYP/6-311g(d,p) 
with CH2Cl2 CPCM solvation. We also performed geometry optimization for different 
redox states of BN-Ph using B3LYP/TZVP with D3 version of Grimme’s dispersion 
correction considering the noncovalent nature of B←N coordinate bonds. Furthermore, 
the transition energies were calculated using CAM-B3LYP/TZVP. Compared to the 
molecular geometries obtained using B3LYP/6-311g(d,p), these computation results still 
revealed the same chemical constitution changes during the redox processes.  The 
calculated bond lengths and transition energies were also compared to the single crystal 
data and spectroelectrochemical measurements. Compared to the molecular geometries 
optimized at the level of B3LYP/6-311g(d,p), the geometries optimized at the level of 
B3LYP/TZVP with D3 version of Grimme’s dispersion correction afforded more 
accurate bond lengths in BN-Ph, equally accurate bond lengths in BN-Ph!+, but less 
accurate bond lengths in BN-Ph2-, referring to the single crystal data. The time-
dependent the calculation at the level of CAM-B3LYP/TZVP based on the geometries 
obtained at the level of B3LYP/TZVP with D3 version of Grimme’s dispersion 
correction failed to match well with the absorption spectra for different redox states of 
BN-Ph. Overall, our studies together with some recently reported literatures suggested 
that DFT computations with B3LYP/6-311g(d,p) afford reliable calculation results for 




The NBO analysis was performed using the NBO 6.0 program. Computed orbital 
interactions were visualized using the Jimp2 software. 
 
 
Figure 97. Spin density maps (isovalue = 0.0008) of (b) BN-F!+ and (d) BN-F!− 
calculated at uB3LYP/6-311g++(d,p) level. Hydrogen atoms were omitted for 
clarity. 
 
5.8.6   Electron Paramagnetic Resonance Spectra 
 
 





5.8.7   X-ray Single Crystal Analysis 
A BRUKER Venture X-ray (kappa geometry) diffractometer was employed for 
crystal screening, unit cell determination, and data collection. The goniometer was 
controlled using the APEX3 software suite.1 The sample was optically centered with the 
aid of a video camera such that no translations were observed as the crystal was rotated 
through all positions. The X-ray radiation employed was generated from a Cu-Iµs X-ray 
tube (Kα = 1.5418Å with a potential of 50 kV and a current of 1.0mA). 
45 data frames were taken at widths of 1°. These reflections were used to 
determine the unit cell. The unit cell was verified by examination of the h k l overlays on 
several frames of data. No super-cell or erroneous reflections were observed. After 
careful examination of the unit cell, an extended data collection procedure was initiated 
using omega and phi scans.   
Integrated intensity information for each reflection was obtained by reduction of 
the data frames with the program APEX3. The integration method employed a three 
dimensional profiling algorithm and all data were corrected for Lorentz and polarization 
factors, as well as for crystal decay effects. Finally the data was merged and scaled to 
produce a suitable data set. The absorption correction program SADABS2 was 
employed to correct the data for absorption effects. 
A solution was obtained readily (Z=2; Z'=0.5) using XT/XS in APEX3. 
Hydrogen atoms were placed in idealized positions and were set riding on the respective 
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. 




The structure was refined (weighted least squares refinement on F2) to convergence. 





CHAPTER VI  
CONCLUSION 
6.1   Hydrogen Bond Bridged Coplanar Conjugated Molecules and Macromolecules 
6.1.1 Summary 
Owing to the high directionality and strength tunability, hydrogen bonds stand 
out as ideal candidates for the purpose of precisely controlling backbone conformation 
of conjugated molecules and macromolecules. We developed a strategy of fusing 
hydrogen bond forming moieties into the backbone to enhance the strength of the 
intramolecular hydrogen bonds and the molecular rigidity of 34. As a result, the robust 
coplanar conformation 34 led to strong aggregation in the solution phase and the self-
assembly into one-dimensional fibers in the solid state. To further elucidate the 
mechanism of the intramolecular hydrogen bond-promtoed self-assembly, the 
aggregation properties of 34 were examined with the addition of DMSO, which 
distrupted intramolecular hydrogen bonds and resulted in weakened aggregation 
enthalpies. This work establishes the correlation between intramolecular hydrogen bonds 
and molecular/supramolecular properties of conjugated molecules. 
Futhermore, the intramolecular hydrogen bonds were incoporated into rigid 
conjugated macromolecules through a similar molecular design strategy. The strong 
interactions between the rigid coplanar  backbone of HP, however, led to poor solubility, 
impeding the synthesis, characterization and processing of such a material. To address 
this issue, a strategy of masking/unmasking hydrogen bonds with Boc groups was 




backbone during the solution-phase synthesis, rendering the excellent solubility and high 
molecular weight of BocP. Futher thermal cleavage of Boc groups converted BocP into 
HP-B with the desired intramolecular hydrogen bonds and coplanarity. Such an Active 
manipulation of intramolecular hydrogen bonds enabled multilayer solution processing 
of HP-B through several cycles of the solution casting and thermal cleavage in a 
cumulative manner. This molecular engineering approach represents a practical method 
for solution processing and 3D printing of such polymeric materials through the 
manipulation of intramolecular noncovalent bonds. 
 
6.1.2 Perspective 
This approach using intramolecular hydrogen bonds to lock the conformation has 
shown great promise to impact not only the optical and electronic characters of 
conjugated small molecules and polymers, but also the collective behaviors, such as 
aggregation and self-assembly of these compounds. To further adopt this strategy to 
develop the novel organic conjugated materials for application, such as field-effect 
transistors and organic photovoltaics, it is essential to select the building blocks that 
have already demonstrated potential for high performance in electronic materials. For 
instance, thiophene and thiopehene-derived molecules have been widely used as 
electron-rich units in conjugated polymers. These molecules can be further 
functionalized with amide groups to serve as hydrogen bond donating moieties, which 
promote the formation of hydrogen bonds along the polymer chain, and lock the 




accepting moieties. In this context, the following synthetic route is proposed (Figure 99). 
The amide group can be generated through a condensation reaction between urea and 
3,4-diaminothiophene. Further functionalization with bromide or tributylstannyl groups 
will afford the monomer applicable for different polymerization. Naphthalene diimide, 
another widely used building unit, can serve as a hydrogen-accepting moiety utilizing its 
ketone groups in this molecular design. After coupling reactions, the proposed donor-




Figure 99. Synthesis routes for (a) thiophene-derived building units with hydrogen 
bond donating moieties and (b) naphthalene diimide-thiophene copolymers with 





The coplanar and rigid backbone of HP-NDI-Th may lead to strong interchain 
interactions and poor solubility. This issues can be solved by pre-installing Boc groups 
on the hydrogen bond donating units to twist the conformation of the resulting polymer 
BocP-NDI-Th. After the solution-phase polymerization, thermal cleavage of Boc groups 
will afford the desired polymer HP-NDI-Th with a coplanar conformation. It is expected 
that this polymer possesses deep LUMO energy levels and extended π-conjugation 
length owing to its coplanar conformation. 
 
6.2   B←N Coordinate Bond Bridged Rigid Conjugated Molecules 
6.2.1 Summary 
As an isoelectronic and isosteric unit of a C–C bond, a B←N coordinate bond 
was introduced to enforce a rigid and coplanar conformation. N-directed electrophilic 
substitutions were developed to incorporate such intramolecular coordinate bonds into 
conjugated molecules built upon alternating donor-acceptor constitutions. These 
molecules enjoyed narrowed band gaps between their frontier molecular orbitals and 
optical activities in the deep-red and NIR regions. The dynamic nature of B←N 
coordinate bonds allowed for tunability of their optical band gaps using organic solvents 
with different Lewis basicity. Strong Lewis basic solvents formed intermolecular 
coordinate bonds with boron moieties, leading to decreased band gaps.  
Moreover, BN-F and BN-Ph demonstrated robust and reversible multistage 
redox properties and electrochromism. Combined experimental and theoretical 




two distinct quinonoid constitutions during the reduction and oxidation processes, 
respectively. The intramolecular B←N coordinate bonds extended the charge and spin 
delocalization, and enforced the rigid molecular structures during the redox processes. 
We also established a mechanism involving the formation of hyperconjugative 
interactions between the boron moeities and the conjugated backbones, which further 
explained the impact from B←N coordinate bonds on the electronic stuctures and 
spin/charge stablization of these conjugated molecules.  
 
6.2.2 Perspective 
The introduction of intramolecular B←N coordinate bonds into conjugated 
molecules not only rigidify and coplanarize the backbone conformation, but also 
drastically impact the electronic properties of these molecules, such as decreasing 
LUMO energy levels. Therefore, this strategy stands out as a promising approach to 
access novel n-type semiconducting materials and acceptors in organic solar cells. To 
pursue this goal, the following molecules (Figure 100) were designed to accommodate 
multiple intramolecular B←N coordinate bonds and solubilizing groups for the purpose 
of solution processing. A series of cruciform molecules with solubilizing alkyl chains 
was proposed (Figure 100a). These molecules are expected to possess deep LUMO 
energy levels and narrowed optical gaps together with enhanced solution processability. 
Different aryl groups can be incorporated into the ICBZ backbone, which afford 
tunability over the optical and electronic properties. Several thiazole-derived moieties 




coordinate bonds. In the solid state, these flanking units are also expected to form strong 
intermolecular π-π stacking, therefore promoting intermolecular charge transfer. These 
molecules can be promising candidates as n-type semiconducting materials in FETs.  
 
 
Figure 100. Molecular design of n-type organic semiconducting materials with 
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